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thetic Fuels Data Handbook is the direct re
sult of the efforts of Cameron Engineers,
Inc., to develop a complete and comprehen















GARY L. BAUGHMAN, Ph.D.
Second Edition Copyright 1978
First Edition Copyright 1975
by
CAMERON ENGINEERS, INC.
1315 South Clarkson Street
Denver, Colorado 80210
A Division of The Pace Company Consultants and Engineers, Inc.
This book or any part thereof must not be reproduced
in any form without the express written permission of
Cameron Engineers, Inc.





We at Cameron Engineers wish to express our thanks and recognition to all
of the many firms, agencies, educational institutions, professional organizations,
societies, associations, groups, and publications whose generous assistance, advice,
time, and materials have made it possible for us to publish this volume. In
compiling and preparing the source materials we used, it has been our special
privilege to profit from the dozens of individuals from within these groups who
have so generously provided their time, support, and understanding. While we
have been acquainted with many of these helpful people through the normal course
of our business efforts, we have had the very pleasant experience of meeting many
people we might not have otherwise had an opportunity to meet. Each one in his
own way has made a significant contribution to this book. It is impossible for us
to acknowledge the assistance of the many contributors individually; therefore, we
must express our appreciation to them collectively. Nevertheless, we are
especially indebted to those in the following limited list: American Chemical
Society, American Gas Association, American Institute of Chemical Engineers,
American Society for Testing and Materials, Bituminous Coal Research Inc.,
COGAS Development Company, Colorado School of Mines Publications Center,
CSM Mineral Industries Bulletin, CSM Quarterly, Colorado State University,
Commercial Testing and Engineering Company, Denver Research Institute,
Elsevier Publishing Company Ltd., FMC Corporation, Gordon and Breach Scienti
fic Publications Inc., Industrial and Engineering Chemistry, Institute of Gas
Technology, Oil and Gas Journal, Pennsylvania State University, Society of
Automotive Engineers, Society of Petroleum Engineers, Society of Mining
Engineers, Standard Oil of Ohio, Sun Oil Company, Texaco Research Center,
Tenneco Coal Company, The American Minerologist, Tosco, Inc., Union Oil Com
pany, U.S. Bureau of Mines, U.S. Geological Survey, The Superior Oil Company,
U.S. Office of Technology Assessment, U.S. Department of Energy, U.S. Environ
mental Protection Agency, Paul Averitt, Rebecca Baker, John S. Ball, Albert L.
Batik, Ralph Bloom, Jr., F.D. Bloss, D.H. Bowen, F.W. Camp, E. Connors, L.H.
Dierdorff, Jr., Gerald Dinneen, John C. Donnell, Mary Holliman, John W. Igoe,
Marjorie Laflin, Harold Levene, Frank N. McElroy, L.J. Petrovic, Jon W. Raese,
Ann Rizieka, W.R. Schmehl, Frank A. Schoemann, Thomas Siolek, Joe Smith,
Marianne Snedeker, Ken Stanfield, Jack L. Tindall, A.R. Vander Ploeg, George
Weber, Larry Wert, Jack White, William Fishback, John Knight, Donald Kesterke,
and Joel DuBow.

















Agnes K. Dubberly Pearl Richardson
Linda A. Eckstein
Karl R. Lemmerman








Like the first edition of the Synthetic Fuels Data Handbook, this second
edition is designed to be a basic source of information concerning the derivation
of synthetic fuels from oil shale, coal, and oil sands. The text represents an
organized compilation of published pertinent information about synthetic fuels in
one convenient location. It is not meant to be a comprehensive collection of all
data, but highlights the important data and provides a basis from which the reader
may proceed in seeking additional information through the references cited.
The publication of this edition has been prompted by the significant increase
in synthetic fuels activity since publication of the first edition in 1975. To reflect
these recent advances, the second edition contains updated information, dramati
cally expanded sections, and several totally new sections. In particular, the oil
shale section has been expanded to include Devonian-Mississippian black shales as
well as Green River formation shale. The oil shale geology section has been
extensively rewritten to be much more comprehensive. In addition, a new section
on oil shale mining has been added, and discussions of the various retorting tech
nologies have been expanded and updated. The second edition also describes in
considerable detail existing in situ technology, which in recent years has been
extensively studied through both government and industrial research programs.
The coal geology section has been significantly expanded and updated. The
reader will find the sections on coal gasification and liquefaction processes to be
one of the most complete collections available. A total of 27 gasification
processes currently under development are discussed, as well as 65 processes
investigated prior to 1965. The coal liquefaction discussion has been expanded to
include ten processes. In addition, an entirely new section on in situ gasification
has been included in this section.
The scope of the oil sands section has been enlarged to include U.S. deposits
in addition to the major Alberta deposits. Data regarding in situ and aboveground
recovery processes in Alberta have been updated and the progress of the Great
Canadian Oil Sands and Syncrude commercial ventures is reviewed.
The data contained in the second edition not only represent a more complete
and up-to-date review of synthetic fuels activities, but the organization of the
book has been modified to expedite information retrieval. Although the book is
not specifically designed as a formal textbook or primer, the second edition is
much more amenable to reading for general knowledge than the first edition. This
feature makes the book valuable not only to the experienced investigator, but also
to those readers who have only a limited knowledge of the subject and who desire
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Oil shale is a fine-grained sedimentary rock
which contains an organic material known as kero
gen. Upon heating, this kerogen will decompose, or
pyrolyze, to yield liquid oil, gases, and residual
carbon. The crude oil product resembles conven
tional petroleum in many respects and is amenable
to refining into a full slate of fuel products. The
composition of the shale oil product is also such that
it can be burned directly for electrical power
generation.
It has been estimated that an equivalent of seven
trillion barrels of oil are contained in the U.S.
reserves of oil shale. Nearly 60 percent of this total
is in the relatively rich Green River formation shale
of Colorado, Utah, and Wyoming. The remainder is
contained in the leaner Devonian-Mississippian black
shale deposits which underlie most of the eastern
part of the United States. For a variety of technical
and economic reasons, only a fraction of the
in-
place reserves could ever be exploited, but even this
fraction could represent a significant addition to
conventional energy supplies.
The process of pyrolyzing the kerogen in the oil
shale, known as retorting, may be done either in
aboveground vessels or underground. Aboveground
processes necessarily require the use of extensive
mining and crushing operations to recover the ore
and prepare it for retorting. Underground, or in
situ, processes require some degree of shale prepar
ation, but require considerably less mining and ore
handling. Once the shale is retorted and the fuel
products are recovered, the waste shale solids must
be disposed of in an environmentally acceptable
manner. The product oil is subsequently processed
to yield various liquid fuel products.
The following section discusses in detail all of
the major processes involved in shale oil production;
from mining and crushing, through retorting, to
product refining and waste disposal. It also contains
extensive data related to the properties and char
acteristics of raw oil shale, products, by-products,
and waste materials. The reader may find additional
or more detailed data related to the various topics
in the references cited in the text.
DEPOSITS
Location
Oil shale deposits of the United States are
extensive, underlying a relatively large area.
Figure
l2
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Figure 1. Major Oil Shale Deposits of the
United States
underlain by oil shales of significant interest. By far
the most extensive are the Devonian-Mississippian
black shales of the eastern United States. However,
the Green River Formation oil shales of Utah,
Colorado, and Wyoming, although not as extensive in
terms of area, exist in bedded sequences in one area
exceeding 2000 feet in thickness and assay relatively
high in grade. It is toward these two major deposits
that most current interest is directed.
GREEN RIVER FORMATION OIL SHALE
The Green River Formation oil shales are located
in the states of Colorado, Utah, and Wyoming.
Figure 2 shows the location of these deposits, which
underlie approximately 16,500 square miles of the
tri-state area. The richer oil shales, those of
highest commercial interest, are generally more
centrally located in the four depositional basins:
Piceance Creek basin, Colorado; Uinta basin, Utah;
and the Green River and Washakie basins of Wyo
ming. The Piceance Creek basin of Colorado eon-
tains the thickest and richest oil shale deposits
within the United States, and accordingly, the
greatest interest related to commercial develop
ment has been directed to that area. The oil shale
resources of the Green River Formation are 20
percent privately and state owned, and the remain
ing 80 percent are part of the public domain under
jursidiction of the Department of the
Interior.5h
DEVONIAN-MISSISSIPPIAN BLACK SHALES
The Devonian-Mississippian Eastern black shale
deposits are widely distributed between the Appala
chians and the Rocky Mountains and underlie the
Northern Great Plains, extending into Canada.
Figure 3 shows the areal extent of the Devonian-
Mississippian black shales and also the nomenclature
applied to the black shales in different areas. It has
been proposed that such names as Chattanooga,
Ohio, Antrim, and Sweetland Creek be replaced by
New Albany Shale because beds bearing those names
represent a continuous depositional unit even though
they transgress time boundaries from Late Devonian
to Mississippian.
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The hachured areas, shown on
Figure 1 discussed previously, indicate areas under
lain by black shales for which significant data are
available to characterize the resource. These areas
total approximately 250,000 square miles.
OTHER DEPOSITS
Oil shale deposits other than those of the Green
River Formation or Devonian-Mississippian black
shales exist; however, very little interest has been
generated toward them, resulting in lower efforts of
appraisal. Marine shales located in several different
areas of Alaska are reported to vary in grade from
poor to very rich.
2 Shales rich in organic matter
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Figure 2. Green River Formation Oil Shales
-
Utah, Colorado, and Wyoming
Figure 3. Distribution of Upper Devonian
and Lower Mississippian Black
Shales in the Eastern United States




extensive organic-rich marine shales of Ordivician
age, located in the northern part of the Applachian
basin, in the Great Divide basins, and in the northern
mid-continent region, are presumed to be very
large.
2
Large areas of the Great Basin, southern
Rocky Mountains, and southern mid-continent re
gions are underlain by thick sequences of marine
organic-rich shales of Carboniferous age.
2
The
Phosphoria Formation of Permian age contains
organic-rich black marine shales in Idaho, Montana,
Wyoming, and Utah. Some of the phosphate rock
being mined near the border junction area of Utah,
Wyoming, and Idaho is known to contain sufficient
kerogen to support combustion.
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Cretaceous age
organic-rich shales underlying the Great Plains and
Rocky Mountains have been briefly
reported.508
Miocene age shales are reported to contain signifi
cant organic material in
California.2
Tertiary lake
basins of Montana, Wyoming, and Nevada contain oil
shales which have not been adequately appraised.
2
Data are available from which oil shale resource
information could be determined for thin, high grade




The geology of United States oil shales varies
with the location of each occurrence. The geologic
factors which are similar from deposit to deposit are
related to the modes of origin for oil shales. The
origin of oil shale involved the deposition of organic
remains from quiescent organic-rich waters. The
maintenance of reducing conditions during and after
deposition and before induration was required to
prevent oxidation of deposited organic matter. The
similarities in geology appear to end at this point, as
evidenced by the wide differences in the mineralogi-
cal composition of the inorganic fraction of oil shale
and the variance of the properties of kerogen
(altered organic material) from deposit to deposit.
Oil shale interest to date has concentrated on
the Green River Formation deposits and more
recently the Devonian-Mississippian black shale de
posits. For this reason, discussions of the geology of
these two major deposits are presented.
GREEN RIVER FORMATION
The Green River Formation oil shales were
deposited 50 to 60 million years ago in two large
Eocene-age lakes. Lake Uinta occupied the north
west part of Colorado and the northeast part of
Utah. Lake Gosiute occupied the southwest portion
of Wyoming. During different periods of deposition
of the Green River Formation the two lakes were
probably connected in the area of northwest Colo
rado and southwest Wyoming near the east end of
the Uinta Mountain Uplift.
Located within each of these ancient lake com
plexes were individual depositional basins. Fluctua
tions in lake levels caused by tectonic and climatic
changes resulted in alternating deposition of oil
shales, saline minerals, fluvial sediments, fresh
water facies, and mud-flat type deposits. Figure 2,
discussed previously, shows the individual deposi
tional basins. The thicker, richer oil shales are
generally located at the depositional centers of
these basins.
Piceance Creek Basin, Colorado
The Piceance Creek basin is a large asymmetric
structural downwarp.
9
The axis of the basin
trends northwest to southeast with the western and
southern flanks gently sloping into the basin. The
northern and eastern flanks slope much more steeply
into the basin. The basin is bordered on the
northwest and north by the Rangely-Skull
Creek-
White River anticlinal trends; on the east by the
White River Uplift; on the southeast and south by
the Elk and West Elk Mountains and Gunnison Uplift;
on the southwest by the Uncompahgre uplift; and
along the west by the Douglas Creek
arch.510
Numerous small anticlines and synclines are found
within the basin; faulting (graben) systems are
associated with some of the more pronounced
structural trends.
Strata exposed in and around the margins of the
basin range in age from late Cretaceous to early
Tertiary. 9 The oldest rocks are the late Creta
ceous Mesaverde Group which is composed of sand
stones, shales, and some coal beds. Fossil content
indicates that deposition occurred near strandlines
in fresh, brackish, and marine environments. The
Mesaverde rocks are generally more resistant to
erosion and form a series of prominent benches
which outcrop continuously around the southern and
eastern margin of the basin. Overlying the late
Cretaceous is the Paleocene series consisting of the
Ohio Creek Conglomerate and an unnamed unit,
composed of feldspathic sandstones, shales, and thin
coal beds, which is considered a Fort Union Forma
tion equivalent. The Wasatch Formation of early
Eocene overlies the Paleocene rocks and consists of
thick sequences of lenticular sandstones and vari
colored shales with some coal beds. Fossil evidence
indicates that the Wasatch was deposited in a
terrestrial fluvial environment. The Wasatch For
mation, being less resistive to erosion than overlying
and underlying strata, forms lowland areas between
the cuestas of the more resistive adjacent rocks.
The Green River Formation, containing the oil
shales of the Piceance Creek basin, is generally
thought of as overlying the Wasatch Formation.
However, upper tongues of the Wasatch Formation
are time equivalent to some Green River deposi
tional sequences which represents either fluvial
depositional encroachment into the lacustrine Green
River environment or regression of the Green River
lacustrine environment. Similarly, the fluvial
(stream-bed) Uinta Formation intertongues, but gen
erally overlies, the lacustrine (lake-bed) deposits of
the Green River Formation. The Green River
Formation in Piceance Creek basin has been divided
into three main members based on lithology, but
locally a fourth clastic facies is present. Each of
the members is discussed in ascending order with
emphasis on the Parachute Creek Member, the main
oil shale bearing unit.
The Douglas Creek Member, basal member of the
Green River Formation, is composed of sandstones,
shales, and limestones that conformably overlie the
varicolored shale and sandstone units of the Wasatch
Formation. This member has been recognized only
in the southern, western, and central parts of the
basin. In the eastern part of the basin, a clastic
facies replaces the Douglas Creek Member. To the
northwest, the Douglas Creek Member coalesces
with shales of the overlying Garden Gulch Member.
Resistant strata of the Douglas Creek Member form
a series of light brown benches along the base of the
Green River Formation escarpment.
The Garden Gulch Member, overlying the Doug
las Creek Member along the basin margins, is
composed of dark, finely laminated illite shales and
marlstone, some of which contain kerogen. With the
exception of the eastern part of the basin, where
equivalent sandy beds replace the member, it is
present throughout the basin. The Garden Gulch
outcrops as gray steep slopes between the white
cliffs of the Parachute Creek Member and the brown
and buff benches of the Douglas Creek Member.
Problems with the correlation of the Garden
Gulch and Douglas Creek Members, as they were
previously described at type sections on the flank of
the basin, to central basin deposits as they are pre
sently mapped has been discussed by
Roehler.512
The two members at the type sections have been
described as being "...largely chronologic and
litho-
logic equivalents." Others do not differentiate the
two members because they are partly time-equiva
lent. Thickness of the Garden Gulch-Douglas Creek
(undifferentiated fresh water unit) in the more
central portion of the basin is reported to be at least
1,000 feet. Two easily discernible geologic markers
in the subsurface, found on resistivity logs, exist in
the vicinity of the Garden Gulch-Douglas Creek
unit. Both markers exhibit an extremely low
resistivity. The uppermost marker, the Blue marker,
is considered the contact between the clay (illite)
shales of the Garden Gulch and the dolomitic
marlstones of the overlying Parachute Creek Mem
ber. The lowermost marker, the Orange marker, has
been described by some as the contact between the
Garden Gulch and Douglas Creek
Members.512
A clastic facies equivalent to the Douglas Creek,
Garden Gulch, and lower portion of Parachute Creek
Members are assigned to the Anvil Points Member.
This member is composed of sandstones, shales,
marlstones, siltstones, and limestones. The Anvil
Points Member has been described along outcrops
from the Parachute Creek valley around the eastern
rim, to a little north of the headwaters of Piceance
Creek. The absence of the Anvil Points Member in
the Piceance Creek gas field indicates that the
member is confined to the southeast and eastern
parts of the basin. The maximum known thickness is
1,870 feet in the upper Piceance Creek area. The
Anvil Points Member appears as a series of benches
and cliffs below the cliffs of the Parachute Creek
Member. It interfingers with the overlying Para
chute Creek Member and the underlying Wasatch
Formation with both the upper and lower contacts
conformable and gradational.
The Parachute Creek Member which overlies the
Douglas Creek-Garden Gulch unit is of most interest
because it contains the majority of the oil shale
resources in the Piceance Creek basin. Although the
term oil shale is used extensively, the lithology
generally consists of kerogenetic dolomitic
marl-
stone and differs considerably from the true illite
shales of the underlying Garden Gulch Member.
Weathering of the resistant Parachute Creek Mem
ber has produced precipitous and often spectacular
escarpments around the rim of the basin. The
thickness of the Parachute Creek Member varies
from over 2,000 feet in the north central part of the
basin to about 500 feet along the margins.
The most consistently rich and laterally per
sistent oil shale zone in the basin is designated the
Mahogany
ledge1
on outcrop and Mahogany zone in
the subsurface. Figure 4, a schematic cross section,
shows the relative position of the Mahogany zone as
well as other members and zones within the Green
River Formation. The very resistant-to-weathering
nature of the Mahogany zone is due to its high
kerogen content and results in vertical to
near-
vertical outcrops. The Mahogany zone is bounded on






barren zones are less resistant to erosion, forming
slopes on outcrops that resemble grooves, hence




grooves produce distinct lows on resistivity logs
(the Red and Black markers respectively). The
thickness of the Mahogany zone ranges from approx
imately 100 feet near the margins of the basin to
about 200 feet in the north central part of the basin.
Generally, the grade of oil shale in the Mahogany
zone exceeds 20 gallons per ton with the richest
sequence comprising approximately 130 feet of 30
gallon per ton shale.
Above the Mahogany zone there generally is 300
to 500 feet of leaner oil shale. This sequence is
thickest in the southern part of the basin. Due to
interfingering with the overlying Uinta Formation in
the northern part of the basin, the upper sequence
thins to less than 300 feet.
A sequence of oil shale below the Mahogany zone
extends from the top of the Blue marker to the base
of the
'B'
groove. In the southeastern part of the
basin this lower oil shale sequence is interfingered





























Figure 4. Schematic North-South Cross Section of Piceance Creek Basin Showing
Relationship of Oil Shale Bearing Members of the Green River Formation
and Surrounding Strata
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Points Member. In the extreme northwest part of
the basin the lower oil shale sequence is absent and
the Mahogany zone and overlying oil shale rests
conformably on the Garden Gulch Member.
9
Else
where, the thickness of the lower oil shale
sequence
ranges from a minimum of 20 feet in the southwest
to over 1,300 feet in the north-central part of the
basin. Toward the central portion of the basin the
lower sequence of oil shale thickens due to the
increased lacustrine type deposition, resulting in
significant accumulations of dolomitic marlstones,
organic material, and saline minerals. The saline
minerals, depending on the particular mineral, have
been found finely disseminated within the oil shale,
as individual spherical crystal growths or rosettes
and as bedded layers and zones.
Cashion and
Donnell511
subdivided the lower oil
shale zone into a series of alternating lean and rich
zones. The rich zones were designated R-4, R-5,
R-
6, etc. This designation and correlation was based
on oil shale grade from the Modified Fischer Assay
or apparent grade from geophysical logs. The lower
oil shale sequence can also be subdivided into two
zones, leached and unleached, on the basis of
removal by dissolution or leaching of saline min
erals, mainly consisting of minerals such as nahco
lite and halite in the upper portions of the saline
section. Although leaching is not confined to any
one area of the basin, the effects of leaching are
most pronounced in the central part of the basin
where there was maximum saline deposition. An
unleached or saline zone is found below the leached
zone in the central portion of the basin. This zone
contains potentially recoverable deposits of nahco
lite and dawsonite. From these two minerals, soda
ash and alumina can be produced. The thickness of
the unleached saline zone in the central part of the
basin ranges from about 500 to over 1,000 feet.
The interface of the leached and unleached zone,
somewhat poorly defined, is termed the dissolution
surface. In reality, it is probably a dissolution zone,
as numerous cores have shown nahcolite to be
present above the dissolution surface while vugs and
cavities are found below. At best, any designated
dissolution surface is an approximation.
The leached zone is characterized by cavities,
vugs, and collapsed breccia. The thickness of the
leached zone toward the central part of the basin
varies from about 400 to 1,100 feet. Leached zone
thickness is greater around the margins of the major
saline deposition. Leaching of the saline minerals
has upgraded the oil shale value within the leached
zone by removing inorganic saline minerals which
would have had the effect of diluting the percentage
of organic material, producing higher porosity and
permeability by removing evaporites, and thus pro
ducing an aquifer,and reducing bulk strength by
removal of the salines minerals.
Overlying the Green River Formation is the
Uinta Formation, which includes sandstones and
siltstones which were formerly designated as the
Evacuation Creek Member of the Green River
Formation. With the exception of a few local
unconformities described by Donnell,
9
these for
mations represent a continuous depositional se
quence. The outcrop of the Uinta Formation forms
a buff to rusty brown colored rounded cap receding
from the white cliffs of the Parachute Creek
Member.
The maximum thickness of the Uinta Formation
is unknown because the top has been removed by
erosion; however, from subsurface information, it is
known to exceed 1,200 feet. Because of intertongu-
ing with the Parachute Creek Member, the lower
boundary varies from location to location.
Uinta Basin, Utah
The Uinta basin is sharply asymetrical, the axis
of which lies in the northern portion of the basin
trending east-west and parallel to the Uinta Moun
tain uplift which borders the basin to the north. The
Wasatch Mountains border the basin to the west and
the Douglas Creek Arch borders the basin on the
East. The southern flank of the basin is bordered by
the San Rafael Swell, the Salt Creek Anticline, and
the Uncomphagre Uplift. Over 13,000 feet of
sediments were deposited in the basin center during
Eocene time. Eocene strata of the Uinta basin
belong to the Wasatch Green River, and Uinta
Formations, consisting of rocks deposited in fluvial
and lacustrine type environments. The thickest and
richest oil shales of the Uinta basin are found in the
east central portion of the basin, as indicated on
Figure 2.
The Wasatch Formation, the basal Eocene strata,
is composed of fluvial sandstones, shales, mudstones,
and siltstones. The Wasatch rocks vary in color
from red and purple to browns and light grays. The
formation is divided into two parts, the main body of
the Wasatch and the Renegade tongue which
inter-
tongue with the overlying Green River Formation.
The Green River Formation is divided into three
members in the Uinta basin: the basal Douglas
Creek Member; the overlying Garden Gulch Member,
and the uppermost Parachute Creek Member.
Figure 5 is a schematic cross section illustrating the
Eocene stratigraphy of the Uinta basin.
The Douglas Creek Member is composed of shale,
siltstone, sandstone, and oolitic, algal, and
ostraco-
dal limestones. Locally, the Douglas Creek Member
contains a few oil shale beds. The member
conformably intertongues with fluvial sediments
of
the Wasatch Renegade Member. The maximum
thickness of the member is 1,180 feet.
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The Garden Gulch Member outcrop is distinctly
different from the Douglas Creek Member outcrop,













Figure 5. Schematic Cross Section of Uinta Basin Showing Relationship of Oil
Shale Bearing Green River Formation With Surrounding Strata
contrast with the brown ledge-forming sediments of
the Douglas Creek Member. The member is chiefly
composed of marlstones, oil shales, and siltstones.
The Garden Gulch Member is thickest along the
eastern outcrop of the Green River Formation of the
Uinta basin. Westerly, the Garden Gulch thins,
while the overlying Parachute Creek and underlying
Douglas Creek members thicken basinward. The
maximum thickness of the Garden Gulch Member is
230 feet.
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The Parachute Creek Member of the Green River
Formation contains the oil shales of significant
interest in the Uinta basin. The member is
composed mostly of kerogenetic
marlstone (oil
shale), barren marlstone, sandstone, siltstone,
and
tuff. The oil shales are for the most part finely
laminated or varved. Individual beds within the
Parachute Creek Member are well known for their
lateral extent and relative continuity. Many of the
mappable units of the Piceance Creek basin oil
shales are also recognized and mappable in the Uinta
basin. The thickest and richest sequence of oil shale
in the Uinta basin is found in the laterally persistent
Mahogany ledge, termed Mahogany
zone in the
subsurface. Oil shale also exists above and below
the Mahogany zone, but is somewhat
leaner in grade.
The maximum thickness of the Mahogany zone in
Utah is about 100 feet. The Parachute Creek
Member is about 750 feet thick in the east central
portion of the basin but thickens to the north and
west toward the synclinal axis of the basin. Evi
dence of a saline zone exists in the upper one-third
of the member, where crystal cavities thought to
have once contained the mineral nahcolite have been
observed. The leaching of the nahcolite by ground
water has given the appearance on vertical outcrops
that swallows have nested there, thus giving rise to
the name "birds nest
zone." 70 The upper section of
the Parachute Creek Member containing the "birds
nest
zone"
was named Evacuation Creek
Member.1'70
However, the nomenclature has
since been revised to place those sediments within
the Parachute Creek Member.
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The lacustrine
sediments of the Parachute Creek member
inter-
tongue with the overlying fluvial sediments of the
Uinta Formation.
Overlying the Green River Formation is the
Uinta Formation, which consists of approximately
1,750 feet of sandstones and claystones. Colors
range from brown and greenish gray in the lower
section to browns and reds, in the upper
section.70
The Uinta Formation covers most of east central
portion of the Uinta basin where the thicker and
richer oil shales are found.
Green River and Washakie Basins, Wyoming
Ancient Lake Gosiute covered a large portion of
southwestern Wyoming. The large lake was bordered
to the north by the Sweetwater Uplift, the Wind
River Uplift, and the Gros Ventre Uplift. To the
west, the lake was bordered by highlands created by
the Absaroka Thrust, the Uinta Arch, and the White
River Uplift. The Park Range and Rawlins Uplift
border the lake to the east. The oil shales of
primary interest in Wyoming are located in the
Green River and Washakie basins, which are con
tained within the areal extent of ancient Lake
Gosiute. Other smaller basins within the extent of
Lake Gosiute also contain oil shale but they are thin
and lean in comparison to those of the Washakie and
Green River basins. The other basins are the Fossil
basin, Great Divide basin, and the Sand Wash basin,
the latter extending into Northwestern Colorado.
The Wasakie and Green River basins are now
separated by the Rock Springs Uplift, similar to the
separation of the Uinta basin and Piceance Creek
basins by the Douglas Creek Arch.
The stratigraphy of the sediments containing the
oil shales in Wyoming is similar to that containing
oil shales in Colorado and Utah. The Wasatch
Formation underlies the oil shale bearing Green
River Formation. The Wasatch in Wyoming, as in
Colorado and Utah, consists predominently of fluvial
varicolored brown and gray sandstones, siltstones,
shales, and mudstones. Upper Wasatch sediments
intertongue with the overlying Green River Forma
tion. The Green River Formation has been divided
into four basic members, in ascending order: Luman
Tongue, Tipton Shale, Wilkins Peak, and the Laney
Shale Member. The fluvial Bridger Formation
overlies and intertongues with the Green River
Formation. Figure 6 is a schematic section, showing
the general east-west stratigraphic relationship of
the rocks deposited during Eocene time in the Green
River and Washakie basins.
Each of the members of the Green River
Formation represents widespread deposition of la
custrine facies of ancient Lake Gosiute. The Luman
Tongue contains only lean oil shales. The Tipton
West
Green River Basin
Member contains oil shales considerably richer than
those of the Luman in the Green River basin. The
U.S. Department of Energy is currently conducting
in situ oil shale retorting experiments in the Tipton
Member oil shale along the east flank of the Green
River basin.
The Wilkins Peak Member consists mostly of
marlstones, siltstones, saline deposits, and oil shale.
The saline section of the Wilkins Peak Member
contains bedded deposits of the mineral trona, from
which soda ash is produced. The trona is presently
being mined and processed. This saline section of
the Wilkins Peak member correlates time-wise with
the saline section of the lower Parachute Creek
Member in the Piceance Creek
basin.512
The oil
shales of the Wilkins Peak Member, although
relatively rich, are thin and are separated by lean or
barren marlstones. The Wilkins Peak Member grades
laterally to gray-green marlstones and is eventually
replaced in section by fluvial tongues of the Wasatch
Formation.
The uppermost member of the Green River
Formation in Wyoming is the Laney Member. The
widespread distribution of the Laney indicates that
Lake Gosiute was most extensive during Laney
deposition. Oil shales of the Laney Member in the
eastern part of the Washakie basin represent the
thickest and richest oil shale deposit in Wyoming.
The section of oil shale varies from about 150 to 500
feet in thickness. 5 x 3 The oil shales of the Laney
Member in the Green River basin are not as thick as
those of the Washakie basin. Local clastic facies
are found within the Laney in both the Green River
basin and the Washakie basin. The lacustrine Laney














Tipton Member Green River Formation
Luman Tongue Green River Formation Niland Tonrjue Wasatch Formation
Wasatch Formation
Figure 6. Schematic Cross Section Showing Relationship of Green
River Formation with Surrounding Strata
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Figures 7, 8, and 9
s "2
show the areal distribution
of the richer oil shale beds of the Green River basin.
Accompanying histograms indicate the grade of oil
shale within the Tipton, Wilkins Peak, and Laney
Members of the Green River Formation.
DEVONIAN AND MISSISSIPPIAN
Until quite recently there has been only limited
research on the black shales of the East and Midwest
because of the emphasis on the richer and thicker oil
shales of the Green River Formation. The term
"black shale", as used in this handbook, refers to
dark (principally black or dark gray) shale deposits
which owe their dark color to their organic content
and which were generally deposited under marine
conditions.
Figure 1, referred to previously, indicates the
areas under which the black shales of Devonian and
Mississippian are known and inferred to exist. Total
land area indicated is nearly 400,000 square miles.
The crosshatched areas contain the black shales
included in the total resource estimate. The
remainder of the area bounded by the dashed line
indicates where the location of the black shales are
uncertain or where it is concealed (i.e.
buried).2
As may be noted, these black shales are widely
distributed between the Rocky Mountains and the
Appalachian Mountains, with the principal known
resources contained in zones five or more feet thick
and correctable in Arkansas, Illinois, Indiana, Ken
tucky, Michigan, Ohio, Oklahoma, Tennessee, and
Texas
505
Depending upon the location, various formation
names have been applied to the black shales of the
upper Devonian and lower Mississippian. They
include the Chattanooga, Antrim, New Albany,




Figure 3 illustrates the depositional conditions
existing during the Devonian and Mississippian. The
figure also shows the different names applied to the
"black
shales"
deposited during this time.
505
Basically, the area of deposition was in the
Paleozoic Appalachian Sea, which covered the
Appalachian, Ohio, and Michigan basins. Circulation
of marine water carrying abundant mineral and
organic matter was enhanced by outlets from the
Appalachian Sea via the St. Lawrence seaway and by
a southern opening into the Mexico Mediterranean.
Under sediment loading, the basins continued to
subside, and correspondingly more sediments were
deposited, compressing and forcing the black shales
deeper into their respective basins. Such conditions
existed until the end of the Paleozoic when the
entire eastern part of the continent was emer
gent.
505
The black shales of the Devonian and Mississippi
an, in contrast to the oil shales of the Green River







Oil yield >IO gal/ton
S3
Oil yield >25 gal/ton
0 10 20 Tw 10 20 30
Oil yield in gollons per ton
Figure 7. Oil Yield of Tipton Shale Member
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Figure 9. Oil Yield of Laney Shale Member
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the micaceous clay illite.
Other important minerals associated with the
black shales include phosphate and uranium min
erals, with uranium ranging in concentration from
0.001 to 0.008 weight percent. These minerals are
found in the Chattanooga formation.
Reserves
It is estimated that the oil shale deposits of the
Green River Formation which assay over five gallons
per ton contain in excess of four trillion barrels of
shale oil. The distribution of these reserves is shown
in Table
l.2
It should be borne in mind, however,
that these four trillion barrels represent the total
known oil shale resource in place, and economics
dictates that not all of these reserves will be
economically recoverable. Much valuable shale is
too deeply buried for economic recovery, large
quantities are contained in very thin zones, and
much is present in the form of lean shale which is
not thought to be economical to process by current
methods.
While comprehensive reserve estimates are valu
able in conveying the magnitude of the resource,
future resource development will be very dependent
on more specialized estimates of in-place reserves
per unit area; in effect, the geographic concentra
tion of the resource. In Colorado, the Mahogany
zone is usually considered to be the primary source
of oil shale in the southern portions of the Piceance
Creek basin. Oil shale assaying 25 gallons per ton
increases in thickness northward toward the deposi
tional center of the basin, where thicknesses of
1,300 feet of 25 gallon per ton shale are known. An
expression of the richness of this area of the basin is
in excess of 2.3 million barrels per acre.
In Utah, the shale resources of interest for
recovery by underground mining occur chiefly in the
Mahogany zone of the Parachute Creek Member of
the Green River Formation. On federal lease tracts
U-a and U-b in eastern Uintah County, the Mahog
any zone is 45 to 50 feet thick and
averages about
30 gallons per ton, when analyzed by Fischer assay.
Thicknesses of 25 gallon per ton shale in the U-a and
U-b areas may be in excess of 90 feet, or about
162,000 barrels per acre.
In Wyoming, reserves of potential importance
occur in the Tipton, Wilkins Peak, and Laney Shale
Members of the Green River Formation within the
Green River and Washakie basins. Relatively little
is known about the oil shale resources in the
Washakie basin. The only published data come from
core drilling done by the U.S. Bureau of Mines in the
western part of the basin. The U.S. Department of
the Interior : 3 9 has reported that on federal tracts
W-a and W-b, no oil shale is present averaging 30
gallons per ton or more in thicknesses greater than
ten feet; however, a 42-foot zone and a 48-foot zone
in the Laney Member average 20 gallons per ton or
more and contain in place resources of about
130,000 barrels per acre. The uppermost 40 feet of
the Wilkins Peak Member on these tracts average
more than 15 gallons per ton and contain in place
resources of about 45,000 barrels per acre. The
upper 30 feet of the Tipton Member on these tracts
average more than 15 gallons per ton and contain in
place resources of about 35,000 barrels per acre.
Due to a lack of extensive core data regarding
the Mississippian and Devonian shales of the eastern
United States, accurate reserve evaluations are not
available. Some of the best estimates,
2
however,
indicate a total resource of three trillion barrels of
oil in correlatable units five feet or more in
thickness. Of this, only 400 billion barrels are
considered known resources, with about 200 billion
barrels being contained in shale yielding more than
ten gallons per ton and 200 billion barrels in shale
yielding five to ten gallons per ton.
COMPOSITION
Minerals
The proportions of inorganic and organic min
erals in oil shale vary with the grade of shale.




Oil Reserves in Known Deposits in the Green River Formation
Billion Barrels of Oil Equivalent
Shale Grade, Piceance Creek Uinta Basin, Green River




10-25 800 230 400
5-10 200 1,500 300
Area totals 1,500 1,820 730
(Formation total = 4,050)
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Table 2
Mineral Content of Oil Shale Versus Grade
10.5 26.7 36.3Fischer Assay, gal, oil /ton
Inorganic Minerals, wt., %
Organic Minerals, wt., %
Oil Shale
57.1
92.2 84.0 80.1 67.0
7.8 16.0 19.9 33.0
.00.0 100.0 100.0 100.0
Table 3
Average Mineral Composition of Mahogany



























Chemical Analyses of the Inorganic
Mineral Portions of 16 Samples










Mineral C02 in raw shale
Mineral C02 in spent shale calculated to
raw shale



















Chemical Composition of the Inorganic
Portion of Various Grades of Shale
and of the Spent Shale Products




















SiCL, percent 40.9 26.1 25.5 26.4
Fe23 4.3 2.6 2.9 3.1
A1203 9.4 6.5 6.3 7.0
CaO 11.0 17.5 14.2 8.3
MgO 5.4 5.3 5.6 4.5
S03 0.1 0.6 1.2 1.4
Na2 1.8 2.6
2.7 1.9






A123 12.28 10.53 10.46 13.13
CaO 14.82 28.11 23.54 15.40
MgO 7.00 8.53 9.30 8.35
Table 6











Total Organic Matter 16-22







Figure 10. Organic Matter Content of Green
River Oil Shales
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Table 2. Typical of the minerals present in Green
River oil shale of commercial grade is the listing
presented in Table 3. The data are from Smith
5"t0
The chemical analyses of the inorganic mineral
portions of 16 samples of Green River oil shale
varying in grade from 10.5 to 75.0 gallons per ton
were reported by Stanfield.
J1
The minimum, maxi
mum, and average values are shown in Table 4. The
variation of inorganic chemical composition with
shale grade is shown in Table 5, along with the
inorganic chemical composition of the spent shale.
Particle size measurements by
Tisot32
showed
that 99.4 percent of the inorganic constituents of
Green River oil shales are smaller than 44 microns
(325 mesh sieve), about 80 percent are smaller than




presents the typical mineralogical
composition of Devonian black shale.
Kerogen
Kerogen is that portion of the organic material
in oil shale that is insoluble in ordinary solvents for
petroleum and that, upon the application of heat,
yields gas, oil, bitumen, and organic residue (mainly
fixed carbon). Bitumen, a benzene-soluble material,
generally comprises a small part of the total organic
matter in oil shale. The term kerogen is often used,
however, to denote the total organic material in oil
shale.
Kerogen appears black in color to the unaided
eye. Under the microscope, thin sections of
kerogen
appear yellow in color, with a minor portion appear
ing brown or black. It has no well defined structure,
appearing as stringers, masses, and irregular gran
ules all intermixed with the inorganic minerals in
the rock.
The organic matter content of oil shale increases
with the grade of shale. Reported values are plotted
on Figure 10 to show the range in organic content of
shales varying from 10 to 75 gallons per ton in




reported the ultimate composition of
the organic material in ten samples of cores of
Mahogany zone oil shale from Colorado and Utah.
The similarity among the compositions was striking.
An average of the ultimate compositions of the
samples was taken to represent the typical composi
tion of the organic matter of Mahogany zone oil
shales of the Green River Formation. This average
composition is shown in Table 7.
A similar analysis was performed by Smith and
Young
"*"
on New Albany shale. The composition
determined from this investigation is shown in
Table 8.
Table 7
Probable Composition of Mahogany-Zone
Organic Matter































in Various Organic Materials
Material C/H Ratio
Conventional petroleum 6.2 - 7.5
Athabasca bitumen 7.5
Green River Kerogen 7.8
New Albany Organic Matter 11.1
Gilsonite 8.3
Lignitic coal 12.1




The approximate ratio of atomic carbon to
atomic hydrogen (C/H) in the organic matter from
both Green River and New Albany oil shale is
compared to the C/H ratio of various other organic




tests on surface area led to the
conclusion that perhaps only a small amount of the
organic matter is either directly or chemically
bonded to the inorganic mineral constituents. Green
River Formation kerogen can be found either partly
or entirely encasing the inorganic mineral
con
stituents of oil shale. Despite Tisot's conclusion,
bonding between kerogen and inorganic matter is
such that kerogen has never been isolated in pure
form by either mechanical or chemical separatory
processes.
Chemical Formula
Based on the elemental analysis of kerogen from
Green River oil
shale,1*99 Robinson500 developed the
following empirical formulas for the material:
Ci8H280, C39H6o03N, or C215 H330O12N5 S,
depending on the heteroatom used as a basis. The
latter formula indicates a molecular weight of
approximately 3200. It should be noted that these
formulas are based only on the elemental analysis of
samples, and they are not necessarily applicable for
use in generalized correlations relating molecular
weight to thermal or physical properties.
Variations with Depth of Burial
Robinson 39 has reported on compositional varia
tions in Green River Formation oil shale samples
from a 2,300-foot-deep corehole drilled in Colo
rado's Piceance Creek basin. It was concluded that
the organic material in this core does vary slightly
in chemical structure, the variations being attri
buted to source material variations, biological alter
ations, and ecological differences.
Table 10

















Propylene carbonate 3.0. --
Dipropylene carbonate 6.0 --
Polyglycol, Dow P400 2.2 --
Pyridine 9.4 --




has also reported on compositional
variations in kerogen in Wyoming oil shale, relative
to stratigraphic position within the Green River
Formation. He conducted a systematic study of the
soluble organic material and the insoluble kerogen
present in the samples. Emphasis was placed upon
the distibution of the alkanes (normal and isoprenoid
compounds) in the soluble extract and upon the
aromaticity of the kerogen. In general, it was
concluded that significant differences exist in the
chemical structure of the oil-shale organic material
from various strata within the Green River Forma
tion of Wyoming. However, as was noted in
Colorado oil shale, most of the compositional and
structural changes were not related to burial depth
but were related to source material variations and
environmental differences.
SPECIFIC GRAVITY
The probable specific gravity of kerogen in
Green River oil shale has been reported by Smith
llf
as 1.07.
RECOVERY BY SOLVENT EXTRACTION
Robinson
3 9
reported results of the use of various
polar and non-polar solvents on kerogen. Results of
his solvent extraction work are presented in
Table 10. In a series of other extractions where the
same sample of oil shale was extracted successively
by various solvents, it was found that the total
extract increased slightly over a single solvent
extraction.
Saline Minerals
The Tertiary-age sedimentary Green River For
mation oil shale is a very complex material. In
addition to its organic matter content, it contains
literally hundreds of inorganic minerals. Among the
inorganic minerals is an interesting collection of
saline minerals. Fahey
86
defined saline minerals as
those minerals having sodium occupying one or all of
their cation positions and the carbonate radical
supplying all or part of the negative charge. The
saline minerals in Green River oil shale, sometimes
referred to as
"associated"
minerals, were formed in
place during lithification of the sediments. They are
of importance because of their potential value as
co-products which may be produced while processing
oil shale for recovery of liquid and gaseous fuels.
A compilation of the authigenic (formed in place)
sodium minerals in the Green River Formation is
presented in Table 11. The list includes sodium
water-soluble minerals in addition to
"saline"
min
erals. Some of these authigenic minerals are unique
to the Green River Formation, while others are
known only in rocks of igneous or metamorphic
origin.
In addition to the information presented here,














also be found in the following
86, 103, 104, 105, 110, 113, 125,
127, 131, 140
121, 122, 123, 127
86
104, 105, 110, 112, 113, 114, 115,




86, 105, 110, 113, 114, 115, 116,
120, 124, 127, 128, 140
86
86, 111
86, 103, 112, 152
RESERVES, RECOVERY, AND MARKETS
Trona
Trona is found only in Green River oil shales in
Wyoming, occurring in a 500 square mile area west
and northwest of Green River, Wyoming. Trona is
mined from bedded deposits by four companies,
which produce from it over 50 percent of the United
States'
supply of soda ash (Na2C03). During 1977,
over eight million tons of soda ash were produced
from trona.
Bedded deposits of relatively pure trona mineral
and occurrences of the sodium salts shortite,
northu-
pite, pirssonite, gaylussite, and bradleyite were first
shown in the cores from the John Hay, Jr., well No.
1 in 1939. The first trona bed noted was about ten
feet thick. Subsequent drilling showed it extended
over an area of at least 60 square miles. By 1966,
Culbertson 103of the U.S. Geological Survey, report
ed that about 67 billion tons of trona are contained
in 24 beds more than three feet thick in the Wilkins
Peak Member of the Green River Formation in
southwest Wyoming. These beds lie at depths of
400 to 3500 feet in a 1400 square mile area.
Another 36 billion tons of mixed trona and halite
are reported by Culbertson to occur in 14 beds of
more than three feet thickness in the southern part
of the area. Occurrences of the mineral trona have
been noted only in the Wyoming portion of the Green
River Formation.
Organic acids of high molecular weight have
been found in dark-colored trona mineral brines
from wells drilled in the Eden-Farson area, approxi
mately 40 miles north of Rock Springs, Wyoming.
Both the dissolved trona and the dissolved organic
matter are contained in the Green River Formation.
Dana
"* 5
has stated that the black trona water is
original lake water incorporated in the sediments of
a low place during recession of the lake. Further
deposition created closed aquifers which, when
penetrated by drilling, produce artisian black trona
water due to overburden pressure. A comprehensive
review of the properties of the black trona water is
18
Table 11
Authigenic Sodium Minerals in the
Green River Formation
After F. C. Jaffe, C.S.M. Mineral Industries Bulletin
















































(K, Ba, Na, Ca, Mn) (Ti, Nb) (Si, A1)2(0, 0H)7H20
Na20Te203"4Si02
Na2ZrSig015"3H20
















*Known elsewhere only in igneous or metamorphic r^cks
**Unique to Green River Formation
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Nahcolite occurrences are common in Colorado
and Utah oil shales, but are not noted in Wyoming
shales. In Colorado's Piceance Creek basin, bedded
deposits of the soluble sodium salt nahcolite
(NaHC03) were discovered from examination of
core samples drilled in 1964 on Marathon Oil
Company property in the north-central portion of
the basin. Subsequent drilling disclosed three
principal bedded units of nahcolite which occur at
depth in a thickness from one to nine feet. Nahco
lite in disseminated form has even greater distribu
tion. Reserves of approximately 130 million tons of
nahcolite per square mile were cited by Hite.
105
The potential exists for recovery of nahcolite
from oil shale formations by in situ leaching, by
leaching from mined and crushed oil shale, or by
mining directly from bedded deposits.
Nahcolite may find commercial markets as a
chemical reactant which removes sulfur dioxide
from stack gas streams, particularly those streams
associated with coal-fueled electric power generat
ing plants. An obvious market for nahcolite is as the
raw material from which commercial-grade soda ash
may be produced. A minor market may be for
household use as high-purity sodium bicarbonate.
Dawsonite
The mineral dawsonite, a sodium-aluminum car
bonate, was first noted to occur in great quantities
in Colorado oil shale by Smith. Dawsonite
occurrences show great vertical and areal distribu
tion in the northern (deeper) portions of the Pice
ance Creek basin, the zone ranging from 900 feet to
1900 feet below the surface. In one square mile in
the area of the Juhan corehole (in Section 4 of
Twp 2 S, Range 98 W, 6th Principal Meridian) Hite
reports
1 5
in place reserves of 42 million tons of
alumina (recoverable from the mineral dawsonite)
per square mile.
With proper heat treatment, avoiding tempera
tures high enough to promote chemical reaction
between silicon dioxide and alumina (A1203), daw
sonite can be converted to sodium aluminate. In this
form, alumina can be extracted from the spent shale
waste by leaching with water or with dilute soda
carbonate brine. Alumina may then be precipitated
from the leachate. This method of obtaining
alumina is attractive when compared with the more
costly conventional method known as the Bayer
process. In addition, an indigenous, large-tonnage
source of alumina is provided.
With proper heat treatment, avoiding tempera
tures high enough to promote chemical reaction
between silicon dioxide and alumina (A1203), daw
sonite can be converted to sodium aluminate. In this
form, alumina can be extracted from the spent shale
waste by leaching with water or with dilute soda
carbonate brine. Alumina may then be precipitated
from the leachate. This method of obtaining
alumina is attractive when compared with the more
costly conventional method known as the Bayer
process. In addition, an indigenous, large-tonnage
source of alumina is provided.
Haas and Atwood
"*9 "studied the thermal decom
position and leaching characteristics of dawsonite
and developed a method for recovering alumina from
the spent shale. They found that alumina can be
recovered from dawsonitic oil shales by first retort
ing the shale at about 500C to decompose the
kerogen. The spent shale is then rapidly leached at
ambient temperatures and about 40 percent solids.
After a liquid-solids separation, the pregnant leach
liquor is heated to about 65C and seeded with
previously precipitated alumina trihydrate to precip
itate the alumina. The precipitated alumina is then
dried and calcined. One of the major problems
associated with producing cell-grade alumina from
shales has been silica contamination. By leaching
cold and precipitating hot, this problem is overcome.
Various parameters were studied in the leaching
step, e.g., time, temperature, percent solids and
caustic concentration. It was found that conditions
of 40 percent solids, 25C, 20 g/1 NaOH leach
solution, and one minute or less of leach time gave





tion on the recovery of alumina from dawsonitic oil
shale. They note the persistent presence of the
mineral nordstrandite (Al(OH)3) with dawsonite and
show that this mineral is also a source of easily
extractable alumina. To summarize the procedures
recommended by Smith and Young for extracting
alumina from oil shale, the raw shale should first be
heated to drive out the organic matter and decom
pose the nordstrandite and dawsonite. Atmosphere
over the shale should be inert or at least not
oxidizing to achieve temperature control of the
retorting step. The shale should be heated to at
least 450C but no more than 550C for only as long
as is necessary to evolve the organic matter as oil.
Burning the residual carbon coke is neither neces
sary nor desirable. The resulting spent shale is
porous, permeable, wettable, and easily crushed.
Crushing should be limited to that necessary to
facilitate fast and efficient extraction but permit
easy separation of the spent shale residue. The
extraction should be rapid and continuous, and it
should minimize shale exposure to strong base, using
instead 0.5 M sodium carbonate. Extraction of
alumina decreases as retorting temperatures in
crease above 450C, and extraction also decreases




Huggins resolved conflicting statements in
the literature concerning the thermal decomposition
of dawsonite. Investigators had proposed these
conflicting equations and conditions:
(1) Savage, J. W. and Bailey, D. "Economic
Potential of the New Sodium Minerals Found
in the Green River Formation," Symposium on
Chemical Engineering Approaches to Mineral
Processing, Los Angeles, 1968:
These authors concluded that dawsonite de
composed at 370C according to the equa
tion: NaAl(OH)3C02 H 20+C02+NaA10 2
(2) Longhman, F. C, and G. T. See, "Dawsonite
in the Great Coal Measures at Muswellbrook,
NSW, "American Mineralogist," Vol. 52, 1967,
pp. 1216-1219:
These authors concluded that between 290C
and 330C the decompositon occurs accord
ing to the equation:
2NaAl(OH)C03 Na2C03 +A12 03 +2H20
+C02
(3) Smith, J. W., and Johnson, D. R., in Proceed
ings of the Second Toronto Symposium on
Thermal Analysis, 1967, pp. 95-116:
These authors agreed with equation of Lough-
man, but gave a reaction peak of 370C.
Huggins concluded that the thermal decomposition
of dawsonite to H20, C02 and NaA102 is a
two-
step reaction. In the first step, the crystalline
dawsonite decomposes between 330C and 375C.
In this step, all the hydroxyl water and two-thirds of
the carbon dioxide are given off, leaving a residue
which shows no crystalline structure. In the second,
slower step, the balance of the carbon dioxide is
released over the range of 360C to 650C, produc
ing crystalline sodium aluminate.
Thus, calcining of dawsonite at retorting temper
atures decomposes the mineral. The decomposition
product, interestingly, is soluble in dilute sodium
carbonate brine. It may thus be leached from
"spent"
shale solids, and products of value (such as
soda ash and alumina) may be recovered.
Nahcolite






studied the thermal characteristics
of shortite, a saline mineral having the chemical
formula Na2C032CaCO 3 . Shortite dissociates at
470C to form:
Na2 Ca2 (C03 )
3* Na2 Ca(C03 ) 2+CaC03
The heat of dissociation at 470C is 22.5 cal/g.
Because shortite dissociation occurs simul
taneously with oil production from oil shale and
because the energy involved in the dissociation
reaction is large enough to be significant to the
retorting process, its presence in Wyoming and Utah
oil shales should be considered if these shales are to
be processed for oil.
Trona
Trona dissociates at about 270C according to
the formula shown below:






reported that gaylussite's thermal
behavior evidently consists of three main features:
(1) dehydration up to 250C; (2) crystal transforma
tion between 250C and 500C; and (3) melting and
carbonate decomposition from 550C to 1050C.
Analcime
Analcime, also known as analcite, is a mineral
usually present in Green River oil shale. It has the
chemical formula NaAlSi206*H20.
Johnson1*92
reported on the thermal properties of
analcime over the temperature range from 25C to
600C (77F to 1,112F). Water of crystallization is
lost when analcime is heated between 175C and
375C. If analcime is present in significant quan
tities, this endothermic reaction could affect slight
ly the heat requirement for retorting oil shale.
The decomposition energy requirement and the
enthalpy of pure analcime was determined to be:
Decomposition energy: 149 KJ/Kg
Enthalphy, 25C to 500C: 357 KJ/Kg
Analcime, if present in dawsonitic oil shale, has
been shown by Desborough
1*93
to be detrimental if
the spent or retorted oil shale is to be leached for
recovery of alumina.
The author asserts that correlation of the rela
tive abundance of analcime in raw oil shale samples
with the amounts of Na20, Al2 03 , and Si02
extracted from pyrolyzed oil shale demonstrates
that analcime contributes significantly to all of
these elements after it has been subjected to
pyrolysis. Because of the large contribution of Si02
extractable from pyrolyzed analcime-bearing oil
shale using caustic solvents, there may be signifi
cant problems in obtaining leachates high in A1203
content and low in Si02 content where analcime is
21
present with dawsonite. This consideration is
important to assessment of potential aluminum
resources in oil shale. In addition, the concentra
tions of water soluble Na20, A1203, and Si02 in
analcime-bearing pyrolyzed oil shale are expected to
be significantly greater than in oil shale which is
free of analcime and dawsonite; this fact reflects
the importance of oil shale mineralogy to aspects of
spent shale disposal. In other words, if one wishes to
recover silica-free alumina from dawsonitic oil
shale, the presence of analcime, which contributes
silica, is something to watch.
Crystal transformations are detected after
shortite dissociates into Na2Ca(C03) 2 and CaC03.
Decomposition temperatures of the double car
bonate and calcium carbonate depend upon the
atmosphere surrounding the sample and the
tempra-
ture. Carbon dioxide inhibits decomposition of the
double carbonate, resulting in a decomposition tem
perature above its melting temperature. In a carbon
dioxide-free atmosphere the double carbonate de
composes at a lower temperature; then one of the
decomposition products (Na 2CO 3) melts. Calcium
carbonate decomposition is well known.
Sulfur and Nitrogen
Stanfield : 1 reported the distribution of sulfur
and nitrogen in samples of mineable Colorado oil
shale from the Mahogany zone. His data appear in
Table 12. Additional data on the distribution of
sulfur and in various grades of oil shale were
reported in the Annual Report of the Secretary of
the Interior for 1949, Part II. These data appear in
Table 13.
Moisture
There is no consistent relationship between field
moisture of oil shale and oil yield from shale.
Typical values for field moisture reported by Stan-
field
lx
varied from 0.38 to 2.93 percent.
A method for determining the moisture content
of oil shale is presented in U.S. Bureau of Mines
Table 12
Average Distribution of Sulfur and
Nitrogen in Oil Shale
Weight Percent Remarks
Type of sulfur compound
Sulfide sulfur 67 As pyrite and
marcasite, FeS~
Organic sulfur 33
Sulfate sulfur Trace As CaS04, FeS04
and MgS0





Distribution of Sulfur and Nitrogen
in Colorado Oil Shale
Oil Yield of Shale Tota 1 Sulfur Total Nitrogen









Levels of Trace Elements in
Green River Oil Shale
Concentration Concentration as






Hg 0.5 - 0.4
Cd 0.1 0.4 1
Sb 0.4 3 1
Se 3.0 1.5 1.5
Mo 15 30 10
Ni 300 85 25
Pb 3 15 20
As 30 20 35
Cr 400 100 34
Cu 45 30 37
Zr 30 50 40
B 80 50 65
Zn 15 30 70
V 100 80 100
Mn 250 250 250
F 2000 1000 1000
Table 15






















Dark brown Parallel to
laminae
Dark gray Parallel to
& brown laminae
Dark gray Parallel to
& brown laminae

















































Report of Investigations No. 4477, which deals with
the Modified Fischer Assay method.
Trace Elements
As reported by Poulson,
"*95
of the Laramie
Energy Research Center, the levels of selected
trace elements in raw oil shale are as shown in
Table 14. Also shown in the table are representative
mean values of the trace element contents as
reported by the Denver Research Institute,
"*96 based
on a review of much available data. Gold assays
were also made on 71 one-foot core samples
representing the Mahogany ledge. The samples
yielded an average of 0.00056 ounce of gold per ton,
according to Stanf ield.
1 1
Recent studies by Donnell
"*97
have confirmed the
magnitude of the mercury content shown in
Table 14. Using flameless atomic absorption, an oil
shale sample, which had previously been found to
contain 4.0 ppm mercury, (USGS in 1959) was found
to actually contain 0.35 ppm. Additional samples
were tested and no relationship between oil content
and mercury was apparent. The second phase of
Donnell's work showed that the majority of the




The visual features of six specimens of Green
River oil shale, selected so as to range in grade from




sented as Table 15, are of typical shale. Shale of
most interest would assay in the 15 to 30 gallon per
ton range.
The color of fragments of Green River oil shale
varies with the richness or organic content of the
material. Rich shale appears dark in color due to
the relative abundance of dark-colored organic
matter (kerogen) present. The inorganic materials
present, such as clays, carbonates, and silica, are
generally light colored. Some rich shale is also light
brown in color.
Easily visible in Green River oil shale are
repetitive thin laminations, called varves. Each
varve consists of thin bands, one light and one dark
in color. These are minute seasonal pairs of lamina
which average between 20 and 30 microns in
thickness, a micron representing 1/1000 of a milli
meter. The mineral dolomite predominates in the
layer made darker in color by higher organic matter
content. The mode of formation of the varves has
been described by Smith.
l z
In overall effect, the varves present a wood-
grained effect, a feature which probably had a
bearing on the naming of a persistently rich zone of
oil shale as the "Mahogany" zone.
The Green River oil shale often separates along
bedding planes to form slab-like fragments. When
broken across bedding planes, the fracture is gen
erally conchoidal. The laminated structure of oil
shale has an important effect on measured physical
properties of the rock, depending upon whether the
direction of the examination is parallel with or
perpendicular to the laminations. Lean shale has
relatively uniform properties in both directions.
Specific Gravity
There exists a relationship between the organic
(kerogen) content of oil shale and the specific
gravity of oil shale. Since the organic component of
oil shale has a specific gravity of about 1.1 and since
the mineral components of oil shale have specific
gravities ranging from 2.2 (for analcime) to 5.0 (for
pyrite), an increase in the organic content of an oil
shale causes a decrease in specific gravity of the oil
shale.
The graph presented as Figure 11 displays aver
age values for oil shale samples from the Anvil
Points area in Colorado. The data are from
Smith.
13
A basic equation for the relationship between









A Weight fraction of organic matter
B Weight fraction of mineral matter
DA
= Average dnesity of organic fraction,
(g/em )
DB




Plotted values agree closely with those shown on
Figure 11, when values in the range of natural
occurrence in oil shales are assigned to D (2.7
g/cm3) and D (1.05 g/cm3). B
A
Taking the specific gravity/organic content cor
relation one step further,
Smith13
also developed
an empirical relationship between specific gravity
and oil yield in gallons per ton, as determined by the




- 205.998 X + 326.624
Where Y = oil yield in gallons per ton
X = specific gravity of Green River
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SPECIFIC GRAVITY,
60/60 F
Figure 11. Specific Gravity and Oil Yield of Colorado Oil Shales
In another study, an equation relating the oil
yield of New Albany shale to specific gravity was
developed. This relation is as follows:
Y = 93.482 - 34.355 X
Where Y = oil yield in gallons per ton
X = specific gravity of New Albany
oil shale
While the composition of the mineral constituent
in Green River oil shale samples from a particular
area are rather uniform, slight variations do occur
between shales from different areas. This result is
illustrated in Tables 16 and 17, which show the
relationships among specific gravity,
unit weight,
and unit volume for shale samples from areas
separated from each other by some 25 miles. The
data are from
Smith13
and the samples are from
locations in the Piceance Creek basin in northwest
Colorado.
The calculated data presented in Table 18 on the
several pages which follow show typical relation
ships among the specific gravity
of Green River oil
shale, the tons of shale
per acre-foot, the barrels of
shale oil per acre-foot and
the gallons of shale oil
per cubic foot. The calculations are derived from
data from Table 16, which were obtained from
Corehole D-5 samples. Corehole D-5 was drilled on
the Naval Oil Shale Reserve
No. 1, near Rifle,
Colorado.
The calculated relationships between grade,
specific gravity, weight (in place) and weight (bro
ken 38 percent voids) for typical Green River
formation oil shale are presented in Table 19.
Porosity and Permeability
The porosity of Green River oil shale before and
after heating was reported by Dinneen.
1 8
The data
were obtained on samples ranging in grade from 1.0
to 60 gallons per ton. These shales were heated
under controlled conditions to 950F to remove the
organic matter and further heated to 1500F to
decompose the mineral carbonates. During the
thermal treatment, the oil shale samples were in a
stress-free environment. Table 20 presents the
measurable porosities of the raw and treated oil
shale samples.
The mineral matrices of the oil shales yielding
less than about 9.6 gallons of oil per ton did not
undergo noticeable structural breakdown upon heat
ing to 950F. For richer shales, the structural
breakdown becomes more noticeable as the grade of
shale increases, so that for shales yielding more than
30 gallons per ton, there is extensive fracturing and
swelling
Tisot21*
reported the effect of heat, stress, and
time on permeability of test columns of Green River
oil shale samples of various grades. As compressive





Oil Yield-Specific Gravity Relationships for
Oil Shales From Phil Core Hole and Cathedral Bluffs Area
Oil Yield Sp. Gr. of Oil Shale Oil Shale per Oil Yield
by Assay, Oil Shale per Unit Vol., Unit Weight, per Unit Vol.,
Gal. /Ton (60 /60 F.) lb./Cu. Ft. Cu. Ft. /Ton Gal./Cu. Ft.
0 2.630 164.18 12.182 0
2 2.587 161.50 12.384 0.161
4 2.546 158.94 12.583 0.318
6 1.508 156.57 12.774 0.470
8 2.472 154.32 12.960 0.617
10 2.436 152.07 13.152 0.760
12 2.401 149.89 13.343 0.899
14 2.364 147.58 13.552 1.033
16 2.330 145.45 13.750 1.164
18 2.297 143.39 13.948 1.291
20 2.265 141.40 14.144 1.414
22 2,233 139.44 14.343 1.534
24 2.202 137.46 14.550 1.649
26 2.172 135.59 14.750 1.763
28 2.142 133.72 14.957 1.872
30 2.112 131.84 15.170 1.978
32 2.084 130.10 15.373 2.082
34 2.057 128.41 15.575 2.183
36 2.030 126.73 15.782 2.281
38 2.004 125.10 15.987 2.377
40 1.979 123.54 16.189 2.471
42 1.952 121.86 16.412 2.559
44 1.926 120.23 16.635 2.645
46 1.901 118.67 16.853 2.729
48 1.875 117.05 17.087 2.809
50 1.851 115.55 17.309 2.889
52 1.827 114.05 17.536 2.965
54 1.823 112.56 17.768 3.039
56 1.822 113.74 17.584 3.185
58 1.756 109.63 18.245 3.179
60 1.734 108.25 18.476 3.247
62 1.712 106.87 18.714 3.313
64 1.689 105.44 18.968 3.374
66 1.666 104.00 19.231 3.342
68 1.644 102.35 19.541 3.480
70 1.622 101.26 19.751 3.544
75 1.570 98.02 20.404 3.676
80 1.518 94.77 21.104 3.791
26
Table 17
Oil Yield-Specific Gravity Relationships
For Oil Shales From Core Hole D-5 and Rifle Area
Oil Yield Sp. Gr. of Oil Shale Oil Shale per Oil Yield
by Assay, Oil Shale per Unit Vol. Unit Weight, per Unit Vol.,
Gal. /Ton (60 /60 F.) Lb./Cu. Ft. Cu. Ft. /Ton Gal./Cu. Ft.
0 2.714 169.43 11.804 0
2 2.660 166.06 12.044 0.166
4 2.610 162.93 12.275 0.326
6 2.564 160.06 12.495 0.480
8 2.520 157.32 12.713 0.629
10 2.478 154.69 12.929 0.773
12 2.439 152.26 13.135 0.914
14 2.400 149.82 13.349 1.049
16 2.364 147.58 13.552 1.181
18 2.330 145.45 13.750 1.309
20 2.295 143.27 13.960 1.433
22 2.264 141.33 14.151 1.555
24 2.233 139.40 14.347 1.673
26 2.203 137.53 14.542 1.788
28 2.173 135.65 14.744 1.899
30 2.144 133.84 14.943 2.008
32 2.115 132.03 15.148 2.112
34 2.089 130.41 15.336 2.217
36 2.063 128.79 15.529 2.318
38 2.037 127.16 15.728 2.416
40 2.012 125.60 15.924 2.512
42 1.987 124.04 16.124 2.605
44 1.962 122.48 16.329 2.696
46 1.938 120.98 16.532 2.782
48 1.913 119.42 16.748 2.866
50 1.890 117.99 16.951 2.950
52 1.867 116.55 17.160 3.030
54 1.844 115.11 17.375 3.108
56 1.822 113.74 17.584 3.185
58 1.801 112.43 17.789 3.260
60 1.779 111.06 18.008 3.332
62 1.758 109.75 18.223 3.402
64 1.737 108.44 18.443 3.470
66 1.716 107.12 18.671 3.535
68 1.696 105.88 18.889 3.600
70 1.676 104.63 19.115 3.662
75 1.626 101.51 19.702 3.807
80 1.579 98.58 20.288 3.943
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Table 18
Relationship Between The Specific Gravity of
Green River Formation Oil Shale and Unit Weight and
Oil Yield Per Unit Volume of Shale
ASSAY
G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 2.714 2.711 2.709 2.706 2.703 2.700 2.698 2.695 2.692
T/A.F - 3682.6 3678.6 3675.8 3671.7 3667.7 3663.6 3660.9 3656.8 3652.8 3650.1
0 BBL/A.F. 0.0 8.3 17.6 25.9 35.3 43.6 51.9 61.2 69.5 79.9
G/FT 0.0 0.008 0.017 0.025 0.034 0.042 0.050 0.059 0.067 0.077
SP.GR. 2.687 2.684 2.681 2.679 2.676 2.673 2.671 2.668 2.665 2.663
T/A.F. 3646.0 3853.6 3637.8 3635.1 3631.1 3627.0 3624.3 3620.2 3616.1 3613.4
1 BBL/A.F. 87.1 95.4 103.7 113.0 121.3 129.6 137.9 146.2 155.6 163.9
G/FT 0.084 0.092 0.100 0.109 0.117 0.125 0.133 0.141 0.150 0.158
SP.GR. 2.660 2.657 2.655 2.652 2.650 2.647 2.644 2.642 2.639 2.637
T/A.F. 3609.4 3605.3 3602.6 3598.5 3595.8 3591.7 3587.6 3584.9 3580.9 3578.1
2 BBL/A.F. 172.2 180.5 188.8 197.1 205.4 213.7 222.0 228.2 238.5 246.8
G/FT 0.166 0.174 0.182 0.190 0.198 0.206 0.214 0.220 0.230 0.238
SP.GR. 2.634 2.631 2.629 2.626 2.624 2.621 2.618 2.616 2.613 2.611
T/A.F. 3574.1 3570.0 3567.3 3563.2 3560.5 3556.4 3552.4 3549.7 3545.6 3542.9
3 BBL/A.F. 255.1 263.4 271.7 280.0 288.3 296.6 303.9 312.1 320.5 328.8
G/FT 0.246 0.254 0.262 0.270 0.278 0.286 0.293 0.301 0.309 0.317
SP.GR 2.610 2.608 2.605 2.603 2.600 2.598 2.596 2.593 2.591 2.588
T/A.F. 3541.5 3538.8 3534.7 3532.0 3527.9 3525.2 3522.5 3518.4 3515.7 3511.7
4 BBL/A.F. 337.1 345.4 353.7 360.9 369.2 377.5 385.8 393.1 401.4 409.7
G/FT 0.325 0.333 0.341 0.348 0.356 0.364 0.372 0.379 0.387 0.395
SP.GR. 2.586 2.584 2.582 2.579 2.577 2.575 2.572 2.570 2.568 2.566
T/A.F. 3508.9 3506.2 3503.5 3499.4 3496.7 3494.0 3489.9 3487.2 3484.5 3481.8
5 BBL/A.F. 418.0 426.3 433.5 441.8 449.1 457.4 465.7 472.9 480.2 488.5
G/FT 0.403 0.411 0.418 0.426 0.433 0.441 0.449 0.456 0.463 0.471
SP.GR. 2.564 2.562 2.560 2.557 2.555 2.553 2.551 2.549 2.546 2.544
T/A.F. 3479.1 3476.4 3473.7 3469.6 3466.9 3464.2 3161.5 3458.7 3454.7 3452.0
6 BBL/A.F. 496.8 505.1 512.3 520.6 527.9 536.2 543.5 551.8 559.0 567.3
G/FT 0.479 0.487 0.494 0.502 0.509 0.517 0.524 0.532 0.539 0.547
ASSAY
G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 2.542 2.540 2.538 2.535 2.533 2.531 2.529 2.527 2.524 2.522
T/A.F. 3449.2 3446.5 3443.8 3439.7 3437.0 3434.3 3431.6 3428.9 3424.8 3422.1
7 BBL/A.F. 574.6 581.8 590.1 597.4 604.7 612.9 620.2 628.5 635.8 644.1
G/FT 0.554 0.561 0.569 0.576 0.583 0.591 0.598 0.606 0.613 0.621
SP.GR. 2.520 2.518 2.516 2.513 2.511 2.509 2.507 2.505 2.502 2.500
T/A.F. 3419.4 3416.7 3414.0 3409.9 3407.2 3404.5 3401.7 3399.0 3395.0 3392.3
8 BBL/A.F. 852.1 861.6 872.5 882.0 891.5 902.3 911.8 921.3 930.8 941.7
G/FT 0.628 0.635 0.643 0.650 0.657 0.665 0.672 0.679 0.686 0.694
SP.GR. 2.499 2.497 2.495 2.493 2.491 2.489 2.486 2.484 2.482 2.480
T/A.F. 3390.9 3388.2 3385.5 3382.8 3380.0 3377.3 3373.2 3370.5 3367.8 3365.1
9 BBL/A.F. 727.0 734.3 741.6 748.9 756.1 764.4 771.6 778.9 786.2 793.4
G/FT 0.701 0.708 0.715 0.722 0.729 0.737 0.744 0.751 0.758 0.765
SP.GR. 2.478 2.476 2.474 2.472 2.470 2.468 2.466 2.464 2.462 2.460
T/A.F. 3362.4 3359.7 3357.0 3354.3 3351.5 3348.8 3346.1 3343.4 3340.7 3338.0
10 BBL/A.F- 800.7 807.9 815.2 822.5 829.7 837.0 844.2 851.5 858.8 866.0
G/FT 0.772 0.779 0.786 0.793 0.800 0.807 0.814 0.821 0.828 0.835
SP.GR. 2.458 2.456 2.454 2.452 2.450 2.448 2.446 2.444 2.442 2.440
T/A.F. 3335.3 3332.5 3329.8 3327.1 3324.4 3321.7 3319.0 3316.3 3313.5 3310.8
11 BBL/A.F. 873.3 880.5 887.8 896.1 902.3 909.6 916.8 924.1 931.3 938.6
G/FT 0.842 0.849 0.856 0.863 0.870 0.877 0.884 0.891 0.898 0.905
SP.GR. 2.439 2.437 2.435 2.433 2.431 2.429 2.427 2.425 2.424 2.422
T/A.F. 3309.5 3306.8 3304.1 3301.3 3298.6 3295.9 3293.2 3290.5 3289.1 3286.4
12 BBL/A.F. 945.9 953.1 960.4 966.6 973.9 981.1 988.4 995.7 1001.9 1009.1
SP.GR. 2.420 2.418 2.416 2.414 2.412 2.410 2.408 2.406 2.404 2.402
T/A.F. 3283.7 3281.0 3278.3 3275.6 3272.8 3270.1 3267.4 3264.7 3262.0 3259.3
13 BBL/A.F. 1016.4 1023.7 1029.9 1037.1 1044.4 1051.7 1057.9 1065.1 1072.4 1078.6
G/FT 0.980 0.987 0.993 1.000 1.007 1.014 1.020 1.027 1.034 1.040
SP.GR. 2.400 2.398 2.397 2.395 2.393 2.392 2.390 2.388 2.386 2.385
T/A.F. 3256.5 3253.8 3252.4 3250.0 3247.1 3245.7 3243.0 3240.2 3237.6 3236.2
14 BBL/A.F. 1085.9 1093.1 1099.4 1106.6 1112.9 1120.1 1127.4 1133.6 1140.9 1147.1
G/FT 1.047 1.054 1.060 1.067 1.073 1.080 1.087 1.093 1.100 1.106
28
ASSAY







SP.GR. 2.383 2.381 2.379 2.377 2.375 2.374 2.366
T/A.F. 3233.5 3230.8 3228.1 3225.4 322.6 3221.3 3218.6 3215.9 3213.1 3210.4
15 BBL/A.F. 1154.3 1161.6 1167.8 1175.1 1181.3 1188.6 1194.8 1202.0 1208.3 1215.5
G/FT 1.113 1.120 1.126 1.133 1.139 1.146 1.152 1.159 1.165 1.172
SP.GR. 2.364 2.362 2.361 2.359 2.357 2.356 2.354 2.352 2.350 2.349
T/A.F. 3207.7 3205.0 3203.6 3200.9 3198.2 3196.9 3194.1 3191.4 3188.7 3187.4
16 BBL/A.F. 1221.8 1229.0 1235.2 1242.5 1248.7 1256.0 1262.2 1269.4 1275.7 1282.9
G/FT 1.178 1.185 1.191 1.198 1.204 1.211 1.217 1.224 1.230 1.237
SP.GR. 2.347 2.345 2.344 2.342 2.340 2.339 2.337 2.335 2.333 2.332
T/A.F. 3184.6 3181.9 3180.6 3177.9 3175.1 3173.8 3171.1 3168.4 3165.6 3164.2
17 BBL/A.F. 1289.2 1295.4 1302.6 1308.9 1315.1 1322.4 1328.6 1334.8 1341.0 1348.3
G/FT 1.243 1.249 1.256 1.262 1.268 1.275 1.281 1.287 1.293 1.300
SP.GR. 2.330 2.328 2.327 2.325 2.323 2.322 2.320 2.318 2.316 2.315
T/A.F. 3161.6 3158.9 3157.5 3154.8 3152.1 3150.7 3148.0 3145.2 3142.6 3141.2
18 BBL/A.F. 1354.5 1360.7 1368.1 1374.2 1380.4 1387.7 1393.9 1400.1 1406.4 1413.6
G/FT 1.306 1.312 1.319 1.325 1.331 1.338 1.344 1.350 1.356 1.363
SP.GR. 2.313 2.311 2.310 2.308 2.307 2.305 2.303 2.302 2.300 2.299
T/A.F. 3138.5 3135.8 3134.4 3131.7 3130.4 3127.7 3124.9 3123.6 3120.9 3119.5
19 BBL/A.F. 1419.8 1426.2 1432.3 1439.6 1445.8 1452.0 1458.2 1464.4 1471.7 1477.9
G/FT 1,369 1.375 1.381 1.388 1.394 1.400 1.406 1.412 1.419 1.425
SP.GR. 2.297 2.295 2.294 2.292 2.290 2.288 2.287 2.285 2.283 2.282
T/A.F. 3116.8 3114.1 3112.7 3110.0 3107.3 3104.6 3103.2 3100.5 3097.8 3096.4
20 BBL/A.F. 1484.1 1490.4 1496.6 1502.8 1509.0 1515.3 1521.5 1527.7 1533.9 1540.2
G/FT 1.431 1.437 1.443 1.449 1.455 1.461 1.467 1.473 1.479 1.485
SP.GR. 2.280 2.278 2.277 2.275 2.274 2.272 2.270 2.269 2.267 2.266
T/A.F. 3093.7 3091.0 3089.7 3086.9 3085.5 3082.8 3080.2 3078.9 3076.1 3074.7
21 BBL/A.F. 1546.4 1552.6 1558.8 1565.0 1571.3 1578.5 1584.8 1591.0 1597.2 1603.4
G/FT 1.491 1.497 1.503 1.509 1.515 1.522 1.528 1.534 1.540 1.546
SP.GR. 2.264 2.262 2.261 2.259 2.258 2.256 2.254 2.253 2.251 2.250
T/A.F. 3072.0 3069.3 3068.0 3065.2 3063.9 3061.2 3058.5 3057.1 3054.3 3053.0
22 BBL/A.F. 1609.6 1615.9 1622.1 1628.3 1634.5 1640.8 1645.9 1652.2 1658.4 1564.6
G/FT 1.552 1.558 1.564 1.570 1.576 1.582 1.587 1.593 1.599 1.605
ASSAY
G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 2.248 2.247 2.245 2.244 2.242 2.240 2.239 2.237 2.236 2.234
T/A.F. 3050.3 3049.0 3046.2 3044.9 3042.2 3039.5 3038.1 3035.4 3034.0 3031.3
23 BBL/A.F. 1670.8 1677.1 1683.3 1688.5 1694.7 1700.9 1707.1 1713.4 1718.5 1724.8
G/FT 1.611 1.617 1.623 1.628 1.634 1.640 1.646 1.652 1.657 1.663
SP.GR. 2.233 2.232 2.230 2.229 2.227 2.226 2.224 2.223 2.221 2.220
T/A.F. 3030.0 3028.6 3025.9 3024.5 3021.8 3020.5 3017.7 3016.4 3013.7 3012.3
24 BBL/A.F. 1731.0 1737.2 1743.4 1748.6 1754.8 1761.1 1767.3 1773.5 1778.7 1784.9
G/FT 1.669 1.675 1.681 1.686 1.692 1.698 1.704 1.710 1.715 1.721
SP.GR. 2.218 2.217 2.215 2.214 2.212 2.211 2.209 2.208 2.206 2.205
T/A.F. 3009.6 3008.2 3005.5 3004.2 3001.5 3000.1 2997.4 2996.0 2993.3 2992.0
25 BBL/A.F. 1791.1 1797.4 1802.5 1808.8 1815.0 1821.2 1826.4 1832.6 1838.8 1844.0
G/FT 1.727 1.733 1.738 1.744 1.750 1.756 1.761 1.767 1.773 1.778
SP.GR. 2.203 2.202 2.200 2.199 2.197 2.196 2.194 2.193 2.191 2.190
T/A.F. 2989.3 2987.9 2985.2 2983.8 2981.1 2979.8 2977.0 2975.7 2973.0 2971.6
26 BBL/A.F. 1850.3 1856.5 1861.7 1867.9 1873.1 1879.3 1885.5 1890.7 1896.9 1902.1
G/FT 1.784 1.790 1.795 1.801 1.806 1.812 1.818 1.823 1.829 1.834
SP.GR. 2.188 2.187 2.185 2.184 2.181 2.181 2.179 2.178 2.176 2.175
T/A.F. 2968.9 2967.5 2964.8 2963.5 2960.8 2959.4 2956.7 2955.3 2952.6 2951.3
27 BBL/A.F. 1908.3 1914.6 1919.7 1926.0 1931.1 1937.4 1942.6 1948.8 1954.0 1960.2
G/FT 1.840 1.846 1.851 1.857 1.862 1.868 1.873 1.879 1.884 1.890
SP.GR. 2.173 2.172 2.170 2.169 2.167 2.166 2.165 2.163 2.162 2.160
T/A.F. 2948.5 2947.2 2944.5 2943.1 2940.4 2939.0 2937.7 2935.0 2933.6 2930.9
28 BBL/A.F. 1965.4 1971.6 1976.8 1983.0 1988.2 1994.4 1999.6 2005.8 2011.0 2017.2
G/FT 1.895 1.901 1.906 1.912 1.917 1.923 1.928 1.934 1.939 1.945
SP.GR. 2.159 2.158 2.156 2.155 2.153 2.152 2.151 2.149 2.148 2.146
T/A.F. 2929.6 2928.2 2925.5 2924.1 2921.4 2920.0 2918.7 2916.0 2914.6 2911.9
29 BBL/A.F. 2022.4 2027.6 2033.8 2039.0 2045.2 2050.4 2055.6 2061.8 2067.0 2073.2
G/FT 1.950 1.955 1.961 1.966 1.972 1.977 1.982 1.988 1.933 1.999
SP.GR. 2.145 2.144 2.142 2.141 2.139 2.138 2.137 2.135 2.134 2.132
T/A.F. 2910.6 2909.2 2906.5 2905.1 2902.4 2901.1 2899.7 2897.0 2895.6 2892.9
30 BBL/A.F. 2078.4 2083.6 2089.8 2095.0 2100.2 2106.4 2111.6 2116.8 2122.0 2128.2
G/FT 2.004 2.009 2.015 2.020 2.025 2.031 2.036 2.041 2.046 2.052
29
ASSAY
G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 2.130 2.129 2.127 2.126 2.125 2.124 2.123 2.121 2.120 2.119
T/A.F. 2890.2 2888.8 2886.1 2884.8 2883.4 2882.1 2880.7 2878.0 2876.6 2875.3
31 BBL/A.F. 2133.4 2138.6 2144.8 2150.0 2155.2 2161.4 2166.6 2171.7 2177.0 2183.2
G/FT 2.057 2.062 2.068 2.073 2.078 2.084 2.089 2.094 2.099 2.105
SP.GR. 2.117 2.116 2.114 2.113 2.111 2.110 2.109 2.107 2.106 2.104
T/A.F. 2872.6 2871.2 2868.5 2867.1 2864.4 2863.1 2861.7 2859.0 2857.6 2854.9
32 BBL/A.F. 2188.4 2193.6 2198.7 2205.0 2210.1 2215.3 2220.5 2225.7 2231.9 2237.1
G/FT 2.110 2.115 2.120 2.126 2.131 2.136 2.141 2.146 2.152 2.157
SP.GR 2.103 2.102 2.100 2.099 2.097 2.096 2.095 2.093 2.092 2.090
T/A.F. 2853.6 2852.2 2849.5 2848.1 2845.4 2844.1 2842.7 2840.0 2838.6 2835.9
33 BBL/A.F. 2242.3 2247.5 2252.7 2257.9 2263.0 2268.2 2273.4 2278.6 2283.8 2289.0
G/FT 2.162 2.167 2.172 2.177 2.182 2.187 2.192 2.197 2.202 2.207
SP.GR. 2.089 2.087 2.086 2.085 2.083 2.082 2.081 2.079 2.078 2.077
T/A.F. 2834.6 2831.9 2830.5 2829.1 2826.4 2825.1 2823.7 2821.0 2819.6 2818.3
34 BBL/A.F. 2294.2 2299.3 2304.5 2309.7 2314.9 2321.1 2326.3 2331.5 2336.7 2341.9
G/FT 2.212 2.217 2.222 2.227 2.232 2.238 2.243 2.248 2.253 2.258
SP.GR. 2.076 2.075 2.073 2.072 2.071 2.070 2.068 2.067 2.066 2.064
T/A.F. 2816.9 2815.6 2812.9 2811.5 3810.1 2808.8 2806.1 2804.7 2803.4 2800.6
35 BBL/A.F. 2347.0 2352.2 2357.4 2362.6 2367.8 2373.0 2378.1 2383.3 2388.5 2393.8
G/FT 2.263 2.268 2.273 2.278 2.283 2.288 2.293 2.298 2.303 2.308
SP.GR. 2.063 2.062 2.060 2.059 2.058 2.057 2.055 2.054 2.053 2.051
T/A.F. 2799.3 2797.9 2795.2 2793.9 2792.5 2791.1 2788.4 2787.1 2785.7 2783.0
36 BBL/A.F. 2398.9 2404.0 2409.3 2414.5 2419.6 2424.8 2430.0 2435.2 2440.4 2445.6
G/FT 2.313 2.318 2.323 2.328 2.333 2.338 2.343 2.348 2.353 2.358
SP.GR. 2.050 2.049 2.047 2.046 1.045 2.044 2.042 2.041 2.040 2.038
T/A.F. 2781.6 2780.3 2777.6 2776.2 2774.9 2773.5 2770.8 2769.4 2768.1 2765.4
37 BBL/A.F. 2450.8 2455.9 2461.1 2465.3 2470.5 2475.7 2480.8 2486.0 2490.2 2495.4
G/FT 2.363 2.368 2.373 2.377 2.382 2.387 2.392 2.397 2.401 2.406
ASSAY
G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 2.037 2.036 2.034 2.033 2.032 2.031 2.029 2.028 2.027 2.025
T/A.F. 2764.0 2762.6 2759.9 2758.6 2757.2 2755.9 2753.2 2751.8 2750.4 2747.7
38 BBL/A.F. 2500.5 2505.7 2510.9 2515.1 2520.3 2525.4 2530.6 2535.8 2540.0 2545.1
G/FT 2.411 2.416 2.421 2.425 2.430 2.435 2.440 2.445 2.449 2.454
SP.GR. 2.024 2.023 2.022 2.020 2.019 2.018 2.017 2.016 2.015 2.014
T/A.F. 2746.4 2745.0 2743.7 2740.9 2739.6 2738.2 2736.9 2735.5 2734.2 2732.8
39 BBL/A.F. 2550.3 2555.5 2560.7 2564.8 2570.0 2575.2 2580.4 2585.6 2589.7 2594.9
G/FT 2.459 2.464 2.469 2.473 2.478 2.483 2.488 2.493 2.497 2.502
SP.GR. 2.012 2.011 2.009 2.008 2.007 2.006 2.004 2.003 2.002 2.000
T/A.F. 2730.0 2728.7 2726.0 2724.7 2723.3 2721.9 2719.2 2717.9 2716.5 2713.8
40 BBL/A.F. 2600.1 2605.3 2609.4 2614.6 2618.8 2624.0 2629.1 2633.3 2638.5 2642.6
G/FT 2.507 2.512 2.516 2.521 2.525 2.530 2.535 2.539 2.544 2.548
SP.GR. 1.999 1.998 1.996 1.995 1.994 1.993 1.991 1.990 1.989 1.987
T/A.F. 2712.4 2711.1 2708.4 2707.0 2705.7 2704.3 2701.6 2700.2 2698.9 2696.2
41 BBL/A.F. 2647.8 2653.0 2657.2 2662.0 2666.5 2671.7 2675.8 2681.0 2685.2 2690.3
G/FT 2.553 2.558 2.562 2.567 2.571 2.576 2.580 2.585 2.589 2.594
SP.GR. 1.986 1.985 1.984 1.982 1.981 1.980 1.979 1.978 1.976 1.975
T/A.F. 2694.8 2693.4 2692.1 2689.4 2688.0 2686.7 2685.3 2683.9 2681.2 2679.9
42 BBL/A.F. 2694.5 2699.7 2703.8 2709.0 2713.2 2718.3 2723.5 2727.7 2732.9 2737.0
G/FT 2.598 2.603 2.607 2.612 2.616 2.621 2.626 2.630 2.635 2.639
SP.GR. 1.974 1.973 1.971 1.970 1.969 1.968 1.966 1.965 1.964 1.962
T/A.F. 2678.5 2677.2 2674.5 2673.1 2671.7 2670.4 2667.7 2666.3 2665.0 2662.2
43 BBL/A.F. 2742.2 2746.3 2751.5 2755.7 2760.9 2765.0 2769.2 2774.4 2778.5 2783.7
G/FT 2.644 2.648 2.653 2.657 2.662 2.666 2.670 2.675 2.679 2.684
SP.GR. 1.961 1.960 1.959 1.957 1.956 1.955 1.954 1.953 1.951 1.950
T/A.F. 2660.9 2659.5 2658.2 2655.5 2654.1 2652.7 2651.4 2650.0 2647.3 2646.0
44 BBL/A.F. 2787.8 2792.0 2797.2 2801.3 2806.5 2820.6 2814.8 2820.0 2824.1 2829.3
G/FT 2.688 2.692 2.697 2.701 2.706 2.710 2.714 2.719 2.723 2.728
SP.GR. 1.949 1.948 1.947 1.945 1.944 1.943 1.942 1.941 1.939 1.938
T/A.F. 2644.6 2643.2 2641.9 2639.2 2637.8 2626.5 2635.1
2633.7 2631.0 2629.7
45 BBL/A.F. 2833.5 2837.6 2842.8 2846.9 2852.1 2856.3 2860.4
2865.6 2869.8 2875




G/T FUNCTION 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
SP.GR. 1.937 1.936 1.935 1.933 1.932 1.931 1.930 1.929 1.927 1.926
T/A.F. 2628.3 2627.0 2625.6 2622.9 2621.5 2620.2 2618.8 2617.5 2614.7 2613.4
46 BBL/A.F. 2879.1 2883.2 2887.4 2892.6 2896.7 2900.9 2905.0 2909.2 2914.4 2918.5
G/FT 2.776 2.780 2.784 2.789 2.793 2.797 2.801 2.805 2.810 2.814
SP.GR. 1.925 1.924 1.923 1.922 1.921 1.920 1.918 1.917 1.916 1.915
T/A.F. 2612.0 2610.7 2609.3 2608.0 2606.6 2605.2 2602.5 2601.2 2599.8 2598.5
47 BBL/A.F. 2922.7 2926.8 2932.0 2936.1 2941.3 2945.5 2949.6 2954.8 2959.0 2964.1
G/FT 2.818 2.822 2.827 2.831 2.836 2.840 2.844 2.849 2.853 2.858
SP.GR. 1.914 1.913 1.912 1.910 1.909 1.908 1.907 1.906 1.904 1.903
T/A.F. 2597.1 2595.8 2594.4 2591.7 2590.3 2589.0 2587.6 2586.3 2583.5 2582.2
48 BBL/A.F. 2968.3 2972.4 2976.6 2980.7 2984.9 2989.0 2993.2 2997.3 3002.5 3006.7
G/FT 2.862 2.866 2.870 2.874 2.878 2.882 2.886 2.890 2.895 2.899
Table 19
Weight (In Place) and Weight (Broken)






















0 2.714 169.1 11.8 2.28 105 19 1.42
15 2.383 148.5 13.5 2.00 92 22 1.2
25 2.218 138.2 14.5 1.86 86 23 1.2
30 2.145 133.6 15.0 1.80 83 24 1.1
35 2.076 129.3 15.5 1.74 80 25 1.1
40 2.012 125.3 16.0 1.69 78 26 1.0
31
Table 20
Porosities of Raw and Thermally Treated Oil Shales













4.2 10.54 13.36 24.83
27.1 5.53 14.70 20.89
56.3 0.57 19.09 32.03
1104.3 0.30 30.41 53.85
125.2 0.14 36.34 51.90
164.8 0.16 45.35 62.91
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Figure 12. Compressive Strain-Time and Permeability-Time Curves
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Figure 13. Compressive Strain-Time and Permeability-Time Curves
for 45.5 Gallon per Ton Oil Shale Fragments Heated
to 725F
metry, porosity, and permeability were concurrently
undergoing change. Compressive strain-time and
permeability-time curves for the columns of con
fined fragments prepared from 34.5, 45.5 , and 63.5
gallon per ton oil shales are presented in Figures 12,
13, 14 and 15. Permeability is expressed as the
amount of nitrogen (STP) which passed through the
column of fragments (in cubic inches per square inch
of cross-sectional area per minute).
Mechanical Properties
SHEAR STRENGTH
Shear strengths of lean oil shale samples cut
from the roof material in the experimental under
ground oil shale mine of the U.S. Bureau of Mines at
Anvil Points, Colorado, as reported by
Agapito20
are presented in Table 21.
COMPRESSIVE STRENGTH
The compressive strengths of core samples of
Green River oil shale before and after thermal
treatment have been reported by Dinneen
'
.
The untreated samples displayed high compressive
strength values that were about the same,
whether
determined perpendicular to or parallel to the
bedding planes of the shale.
After heating to 950F,
the lean shales retained high
compressive strength
values in both horizontal and vertical planes, indi
cating a high degree of inorganic cementation
between the mineral particles comprising each
lamina and between adjacent laminae. He showed
the compressive strength of rich shale is quite low
after removal of the organic matter. Decomposition
of the mineral carbonates at 1500F apparently does
not greatly affect the compressive strength.
Dinneen's results are presented in Table 22, express
ed in metric system units. English system unit may
be derived from Figure 16.
A rather comprehensive report on the compres
sive strength of roof and mine support pillar
specimens cut perpendicular to bedding planes was
prepared by
Agapito.20
The specimens were obtain
ed in the room-and-pillar system undergroi'nd shale
mine of Mobil Oil Company, near Anvil Points,





strength of oil shale varies with the grade of the
shale. His data in support of this contention are
presented as Figure 17.
HARDNESS
For the two Green River core samples tested by
Matzick,
* 5
the hardness of the horizontal core was
61 (scleroscope hardness number) and for the verti
cal core was 55. The hardness of samples from the
33
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Figure 14. Compressive Strain-Time and Permeability-Time Curves
for 63.5 Gallon per Ton Oil Shale Fragments Heated
to 725F
CoHprtstin irrtii: 325 pii
laltiol p*tity : 40.0 per
Oil fit Id : 27.0 aol/lon
-+ 825 "F-
Conpriiiiti ttrvtti 329 pii
Inillol poroiitr 41.8 pel
0il|l*ld: 49.5|l/lon
I
-^-<. V f , u I * V
-
CORipilllil* Itrtll : )23 pii
Initial potaiilr : 42 2 pel




Figure 15. Compressive Strain-Time Curve for 27.0 Gallon per
Ton Oil Shale and Compressive Strain-Time Plus
Permeability-
Time Curves for 34.5 and 45.5 Gallon per Ton Shale
Fragments Heated to 825F
34
Table 21
Shear Strengths of Lean Oil Shale Specimens From
Roof Material of USBM Experimental Mine
Direction of Shear Standard
Shearing Force to Strength, Number of Deviation
the Bedding Planes lb/sq. in. Sampl es Tested (percent)
Perpendicular 3,490 5 4.9
11
4,640 5 3.1
Parallel 1,770 5 10.5
Perpendicular 3,560 5 5.1
11
3,145 5 6.0
Parallel 890 5 8.3
Perpendicular 3,205 5 5.2
Parallel 920 5 9.1
Table 22
Compressive Strengths of Raw and
Thermally-Treated Oil Shales
(Kilograms per square centimeter)
Raw Oil Shales Oil Shale Heated Oil Shale Heated
Oil Yield,
& &
to 510C to 816 r.
Liters/Metric Ton A B A B
4.2 1560 1364 1406 1343 1090 1048
27.1 2194 1997 1983 1842 1202 956
56.3 1870 1645 935 436 738 260
104.3 1294 1308 29 27 12 11
125.2 696 745 25 20 8 8
164.8 809 969 5 8 6 8
244.1 914 907 2 2 4 2
1/ Compressive strength
perpendicular to the bedding planes.
2/ Compressive strength
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Figure 16. Compressive Strength of Oil Shales
Table 23
Compressive Strength of Green River Oil Shale
Samples Cut Perpendicular to Bedding
(Samples from USBM Experimental Mine,
Anvil Points, Colorado)
Distance from Number of Compressive








21.5-26.8 above do 2 14,890
20 above do 3 12,430
18.5 above A 1 17,100
10 above B 2 15,000
4.2 above C 1 17,100
2.5 below D 1 19,000
4.5 below D 2 12,650
7 below D 2 11,730
10 below D 1 10,700
12.5 below E 1 12,520
14 below E 3 8,280
14.6 below E 5 7,350
15.5 below F 3 11,910
17 below F 1 12,080
17.5 below F 1 9,190
18.5 below F 8 8,160
20 below G 1 14,480
20.5 below G 1 14,470
23 below G 2 10,250
23 below G 2 8,600
26.6 below G 2 14,090
27 below G 3 12,960
31 below H 3 8,560
33 below H 1 13,600
37 below H 1 15,390
39.5 below H 2 17,280
46.5 below I 2 12,700
CURVE IS FROM EQUATION
S = 35,760 -957A + 9.72
A2
-28 9A (H/W) Whore H/W = I 825
FISCHER ASSAY, GALLONS PER TON
Figure 17. Compressive Strength versus Fischer
Assay of Colorado Oil Shale, Anvil
Points Mine
Table 24















?Designations refer to arbitrarily-designated
groups of mineable beds, lettered A through I.
Anvil Points mine is shown in Table 24.
ELASTIC PROPERTIES
The average elastic properties, as reported by
Matzick,
1 5
for two cores obtained from near Anvil
Points on the Naval Oil Shale Reserve No. 1 are
presented in Table 25. Results of tests to determine
the elastic properties of cores from mine pillars and
mine roof samples in the Anvil Points mine of the
U.S. Bureau of Mines were reported by
East.16
These data are presented in Table 26. Results of
tests to determine the elastic properties of oil shale
in an underground room-and-pillar mine opened by
Mobil Oil Company on property adjacent to the
Naval Oil Shale Reserve No. 1 in Colorado were
reported by
Sellers.17
His data are presented as
Figure 18.
MINING AND CRUSHING CHARACTERISTICS
Extensive studies in rock mechanics were con
ducted by the six-company group which leased the
Anvil Points Shale Research Center from the De-
36
Table 25
Average Physical Properties of Two
Oil Shale Cores From The Mahogany Zone,
Anvil Points, Colorado
Assay value, estimated, gal/ton
Specific gravity
Elastic constants (dynamic method)
Young's modulus, lb./sq.in.






















Elastic Properties of Oil Shale Cores
From USBM Mine at Anvil Points, Colorado
Roof cored parallel to Roof cored perpendicular Pillar cored perpendicular
bedd inq
Number
to beddinq to bedding
Property Standard Standard Number Standard Number











13,600 19 18 22 ,700 10 10
1 2













































3.7 34 17 5.4 11 11
'Measured in p.s. i .
2Load applied perpendicular to strata on roof samples cored parallel to bedding, and parallel to strata on
samples cored perpendicular to bedding
1
Estimated
''Measured in ft. /sec.
Measured in scleroscope units^
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Figure 18. Typical Elastic Properties of Green
River Oil Shale
partment of the Interior during the period 1964-
1968. The results of these investigations have been
described by Sellars.
1 7
Green River oil shale can be crushed by conven
tional crushing equipment, but the properties of the
shale are such that selection of equipment should be
made only after demonstration or previous experi
mental work has given assurance that crusher
performance will be satisfactory. Oil shale tends to
form slab-shaped fragments when crushed in jaw,
gyratory, or toothed-roll crushers. This tendency is
less pronounced when impact type crushers are used.
Fragments of rich oil shale are resilient, tough, and
"slippery", the latter characteristic making it diffi
cult for smooth-roll crushers to nip or catch hold of
individual fragments.
Four screen analyses were made on very large
samples of Green River oil shale which received no
crushing other than that which occurred when the
shale was blasted from the upper 39 feet of the 73-
foot-thick Mahogany ledge exposed in the U.S.
Bureau of Mines underground demonstration mine at
Anvil Points, Colorado. The results of the screen
analyses on the mine-run shale were reported by
Matziek
15
and are presented in Figure 19.
Matzick also reported on the crushing of three
large fragments of Green River oil shale, which had




Blake-type jaw crusher. The screen analyses of the
crusher products are shown in Figure 21.
Blake-type jaw crushers consist of a main frame
which carries a fixed jaw and a movable jaw, the
latter being pivoted at the top, on the swing jaw
shaft.
Figure 19. Screen Analysis of Mine-Run Shale
Showing Average of Four Tests
and Extent of Variation
RICH GRADE
Front view Side view






Fisher Assay "- 41.0 q/t
Weight = 130 lbs
MEDIUM GRADE







Fisher Assay * 38.8q/l
Weight = 188 lbs
LOW GRADE









Weight = 166 lbs
Figure 20. Fragment Dimensions for Blake-
Type Crusher Tests
In another test reported by
Matzick,15
about 18









jaw crusher. The screen analyses of the crusher
product is shown in Figure 22.
Screen-sized Green River oil shale
(-2"
and +0.5")
was crushed by a model 322 Hydroclone gyratory
crusher operating at a feed rate of 10 tons shale per
hour. The crusher was adjusted to 0.5 inch on the
closed side. Matzick reported the screen analysis of
the product, which is shown in Figure 23.
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Figure 21. Analysis of Blake-Type Crusher












Rotor speed and breaker plant settings were varied.
The screen analyses of the feed material, the two
extremes for products and the average product from







(double rotor) crusher was tested on three large
pieces of oil shale varying in size and grade as shown
in Figure 25. The pieces of oil shale were crushed
separately to define crushing characteristics for
comparison with grade. The lean and rich grade oil
shales were broken more than was the medium grade
shale, as shown in Figure 26. Data are from
Matzick, who attributes the greater breakage exhib
ited by the lean and by the rich grade oil shale
fragments to the friability of the lean shale and the
slabbing characteristics of the rich shale, neither of
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Figure 22. Analysis of Blake-Type Crusher
Products -
"Scalped" Shale
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Figure 23. Screen Analysis of
Product from
Gyratory Crusher
Matzick also reported that
"preliminary"
crush






crusher but that no firm conclusions were drawn.
The product was slabby and problems were encoun
tered trying to crush rich shale fragments. No
screen analyses of crusher products were given.
Matzick30
reported on U.S. Bureau of Mines
studies of the void space of shale crushed to various
particle size ranges. In the USBM tests, void space
volume was determined by two methods. In one, an
oil shale retort of known volume was filled with
crushed shale and then discharged. The discharged
shale was weighed and the total weight of the shale
was divided by the known volume of the retort to
give the pounds of shale per cubic foot of bed. The
actual specific gravity of the shale was determined
Product Run no II G
Product Average of 18 Tests
Product Run no II M
Estimated Analyses Charge to Flextooth
Hammermill
0.1 0.2 0.4 0.6 1.0 2 4 6 8 10 15 20
SCREEN OPENING INCHES
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Fischer assay * 45.6 g/t.

















Fischer assay > 21.6 g/t.
Weight 1.03 tons
Figure 25. Fragment Dimensions for Double
Rotor Crusher Test
by water displacement. The actual volume of shale
in the retort was found by dividing the weight of the
shale discharged from the retort by its actual
destiny. If the actual volume of shale and the
volume of the empty retort are known, the percent
age void volume may be calculated. The other
method used to determine the void volume was to
find the quantity of water required to fill a bucket
when it was filled with crushed shale. The results
are presented in Table 27.
The explosion and fire properties of oil shale dust
have been investigated by Richmond.
51tl
At the
present time, safety regulations applied to oil shale
mines are those established for metal and non-metal
mines, even though some data suggest that oil shale
dust is combustible under certain conditions. With
the possibility of the oil shale industry reaching a
large scale in the near future, research is being
conducted to determine possible fire and explosion
hazards of mining oil shale, especially if methane is
encountered. Using shale dust of a fineness compar
able to pulverized coal dust, it was determined that
explosions would propagate (after initiation with
natural gas) through clouds of dust whose assay
value was in excess of 25 gallons per ton. It was
found that explosions occurred when nominal con
centrations of volatiles exceeded 0.5 ounce per
cubic foot of air. Richmond also determined that
rock dust, when mixed with the oil shale dust, was
an effective explosion depressant. The authors also
conducted tests on the spontaneous ignition of oil
shale dust and conducted a laboratory-scale fire test
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Figure 26. Product Analysis from Double Rotor
Crusher
it was found that flame propagated through the




reported on weathering characteris
tics of six samples of oil shale varying in grade from
10.5 to 75.0 gallons of oil per ton. All six samples
were obtained from the Mahogany ledge of the
Green River Formation at Anvil Points, Colorado.
Each was crushed, then ground so as to pass through
a 2-mesh sieve. They were then exposed to the
natural weathering at the Laramie Energy Research
Center at Laramie, Wyoming.
Representative portions of the samples were
obtained after three months, after six months, and
at one, two, three, and five years. As shown in
Table 28, oil yields after five years were 11.4
percent less than at the time the weathering test
began. None of the samples showed a significant
reduction in oil yield after weathering for six
months.
Electrical Properties
Electrical data, together with differential ther
mal analysis data, can be used to develop sensors for
retort diagnostics and to investigate the feasibility
of novel electrical processing and prospecting op
tions for oil shale. Included in these techniques are
r.f. (radio frequency) fracture, heating, and surface
and subsurface exploration tools.
Nottenburg556
has conducted extensive research
in the electrical properties of Green River Forma
tion oil shales at varying grades, temperatures, and
frequencies. The following characteristics are
noted.
Electrical conductivity increases with in
creasing frequency and temperature




Studies of The Void Space of Crushed Shale
Test Number
1 2 3 4 5 6 7
Void space (measured in re tort) pet 51 52 53
Void space (by H2 0 displacement pet 49 51 47 47 48 52 45
Bulk density lb/cu ft 64.5 65.1 62.1 i 2
Nominal shale size inches 1/4-1/2 1/2-1 1-2 1/4-1 1/4-3 1-3 1/4-3
Screen analysis, inchies:
Minus 3.00 plus 2 .00 wt pet 42.2 45.1 28.1
Minus 2.00 plus 1 .50 wt pet 26.2 14.6 19.3 12.9
Minus 1.50 plus 1 .050 wt pet 45.1 18.1 26.1 15.6
Minus 1.050 plus .742 wt pet 31.0 23.6 28.8 6.7 6.7 15.2
Minus .742 plus .525 wt pet 0.2 50.8 1.9 36.2 7.7 1.7 14.3
Minus .525 plus .371 wt pet 19.5 15.6 1.9 24.0 6.6 0.6 8.5
Minus .371 plus .263 wt pet 48.1 1.8 0.4 9.3 3.0 0.2 3.6
Minus .263 plus .185 wt pet 23.3 0.2 0.2 0.5 0.5 0.1 1.0
Minus .185 plus .131 wt pet 6.1 0.1 0.4 0.4 0.1 0.3
Minus .131 plus .093 wt pet 1.1 0.1
Minus .093 plus .065 wt pet 0.5
Pan plus loss wt pet 1.2 0.4 0.7 0.8 0.2 0.1 0.5
Weighted average part icle size inches 0.318 0.656 1.14 0.594 1.13 1.51 0.941
Heat transfer coefficeint 2.61C 1.25C 0.90C 1.61C 0.87C 0.67C 1.14C
Btu/(sec)(F)(cu ft of bed)
Mixture of 20 pet 1/4 to 1 and 80 pet 1 to 3.
Mixture of 40 pet 1/4 to 1 and 60 pet 1 to 3.
Table 28
Effect of Weathering on Fischer Assay Oil and Water
Yields from Various Grades of Green River Oil Shale











10.5 1.1 26.7 3.3 36.3 3.6 57.1 2.7 61.




Increase in water yield after weather
ing 5 years :
Gallons per ton
Percent
1 High value attributed to poor sample.
2.6 75.0 3.6
10.8 1.4 26.2 3.6 34.8 3.8 58.4 3.2 61.3 3.8 74.8 4.3
10.5 1.3 26.6 3.7 35.8 3.4 55.6 2.6 61.2 2.9 76.6 3.6
10.3 3.8 27.2 2.8 36.1 3.6 54.6 3.61/ 66.1 3.8 72.0 4.1
10.3 1.6 25.1 4.4 34.4 4.2 54.6 4.3 59.1 4.6 71.2 5.0
9.8 1.8 26.3 3.6 32.6 3.9 53.0 4.1 56.8 5.2 69.5 6.0
9.4 1.9 24.9 4.9 32.2 5.2 49.3 5.8 52.4 5.9 66.6 7.9
1.1 1.8 4.1 7.8 9.4 8.4
10.4 6.7 11.3 13.7 15.2 11.2
0.8 1.6 1.6 3.1 3.3 4.3
72.7 48.5 44.4 114.8 126.9 119.4
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The dielectric constant initially decreases
with increasing temperature and then in
creases. At temperatures where significant
organic decomposition occurs, the low fre
quency dielectric constant attains its low
temperature values
The loss tangent decreases with increasing
frequency and increases with increasing tem
perature
Resistivity
The influence of frequency and temperature on
the resistivity (p) of 36 gallon per ton oil shale is
illustrated in Figure 27, which shows p as a function
of 1/kT. Boltzman's constant (k) is 1.38 x 10 ~23
joule/K. High resistivity values in the range of
105
to 10 ohm-cm at low temperatures are indicative
of ionic conduction behavior. Irregularities in the
resistivity plot in Figure 27 are interpreted to arise
from the gradual release of pore water present in
Green River Formation oil shale. The close corre
spondence of resistivity values for oil shale at
temperatures below 380C with those of carbonate
minerals indicates the importance of carbonate ions
as current carriers. The resistivity values above
380C decrease logarithmically with increasing
temperature. The enhanced electrical conduction in



































Figure 27. Effect of Frequency and Temperature
on Resistivity
bulk and surface mobility of the carbonate ions at
elevated temperatures, but splitting off of the polar
segments from the kerogen macromolecular chain as
a result of thermal fragmentation could also explain
this effect.
Figure 28 shows the electrical conductivity of
19.8 gallon per ton oil shale as a function of
frequency and temperature. The peaks in the
conductivity curve arise from polarization effects.
Similar behavior is characteristic of other grades of
oil shale.
Permittivity
Permittivity, or dielectric constant, of a medium
is the ratio of capacitance of a capacitor filled with
the medium to that of the same capacitor having a
vacuum as a dielectric.
Complex permittivity is givey by
e = + ie".





















eo = static (zero frequency) dielectric constant
eoo
=
permittivity at very high frequencies
o> = 2 tt frequency
t = dipole relaxation time
10'
FREQUENCY (Hi)





(referred to in the literature as
tan 6 ) is the loss factor, an indication of absorption
of electromagnetic radiation in oil shale.
The nature of dispersion for 26 gallon per ton oil
shale is typically shown in Figures 29 and 30.
Similar behavior is observed for other grades of oil
shale. The presence of a broad peak in the loss
factor at frequencies below 100 H indicates inter-
facial polarization behavior. The occurrence of
secondary maxima at higher frequencies and tem
peratures are related to dipole relaxation effects
arising from thermal decomposition of kerogen. In
the frequency range of around 500 MHz, the
inorganic constituents of oil shale are probably
























Figure 30. Effect of Frequency and Temperature
on Loss Factor
Methane Absorption
As reported by Matta,
538
the U.S. Bureau of
Mines made laboratory absorption
measurements on
oil shale samples which showed that the amount of
methane absorbed is proportional to pressure and oil
yield, and can be much larger than would
be
predicted based solely on porosity.
Cores taken
from deep locations and far from outcrops yielded
more gas than cores from shallower locations or at
outcrops, and all data indicate that oil shale
mines
that are both deep and far from an outcrop will
emit
levels of methane gas.
The results of the Bureau's experiments may be
summarized as follows:
Methane is absorbed by the oil shale. A
sample which had been pressured to 200 psig
and then reduced to atmospheric pressure
released 10 times more methane than helium
under the same conditions. As helium is
known not to absorb under these conditions,
the difference must be attributed to absorp
tion of methane.
For a given pressure, the quantity of methane
released when the pressure is reduced to
atmospheric varies linearly with the oil yield
of the sample, as measured by the standard
Fischer assay method.
For a given oil yield, the quantity of methane
released varies linearly with
Figure 31, reproduced from R.I. #8243, shows the






is usually defined as
the amount of heat required to increase the temper
ature of a given mass of a material one degree. In
English units, heat capacity is expressed in Btu's per
pound per degree Fahrenheit. In metric units it is
expressed in calories per gram per degree Centri-
grade. The term "specific
heat"
is defined as the
ratio of the heat capacity of a given material to the
heat capacity of water. The resulting value,
therefore, is dimensionless. Since the heat capacity
of water is 1.0 Btu per pound per degree Fahrenheit
and 1.0 calorie per gram per degree Centrigrade, the
specific heat of a substance will always be
numerically equal to its heat capacity. Because of
this, the two terms are often used interchangeably
(though incorrectly) in practice.
The heat capacity of oil shale can be calculated


































Figure 31. Methane Released as a Function
of Oil Yield and Pressure
Where
for various grades of shale.
Curves which show Shaw's calculated values of
the specific heat of various grades of Green River
oil shale are presented in Figure 32.
Enthalpy
Enthalpy, also known as heat content, is the
difference between the amount of heat energy
contained in a unit mass of material at any given
conditions and the amount of heat energy contained
at a set of reference conditions. The quantity of
heat which may be derived from a
given mass of
material when going between two temperatures,
therefore, can be calculated by merely subtracting
the enthalpies at those two temperatures. The
English unit for enthalpy is Btu per pound and the
metric unit is calories per gram.
Wise
22
conducted enthalpy studies on burned
shale, spent shale, and on three grades of raw oil
shale. Using the results of his experiments, he
derived the following equation for the heat content
(above 77F), in Btu/pound, for oil shale:
Hv





S = mean heat capacity of raw shale
os




G = modified Fischer assay of shale,
gallons oil/ton
T = absolute temperature, Rankine.
Rankine is equivalent to 460 + t F
Shaw's equation for the specific heat of oil shale
was constructed to fit experimental results of
calorimeter tests on five samples of shale from the
Naval Oil Shale Reserve No. 1 ranging in grade from
1.0 to 89.2 gallons per ton. Experimental and











= heat content above 77F, Btu/lb
shale charged
= temperature, F














Experimental and Calculated Specific Heat













Temperature Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
150 0.209 0.214 0.240 0.240 0.251 0.253 0.274 0.270 0.287 0.301
200 .231 .217 .245 .246 .255 .260 .283 .279 .307 .312
250 .222 .221 .251 .251 .269 .266 .291 .287 .318 .322
300 .225 .224 .256 .257 .273 .273 .302 .295 .329 .333
350 .227 .228 .270 .262 .280 .279 .309 .303 .336 .343
400 .229 .231 .271 .268 .282 .286 .312
.311 .353 .354

















Graph oaseO on following equation*
Row thole.S=0 172+10 067*OO0i626)K)"3l
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Figure 34. Calorific Value of Green River
Oil Shale
Table 30
































Based on this equation. Wise predicted values of
heat contents above 77F for 10-, 20-, 30-, and
40-
gallon per ton oil shales and his data are
presented
in graphical form on Figure 33. The data, with









has reported the gross heating values
of various sample Green River
oil shale ranging in
grade form 17.8 to 51.8 gallons per ton.
The values
are presented in Table 30. To aid
in the extrapola
tion of data, a curve based on the
above data is
presented as Figure 34.
Robinson
27
reported that when kerogen is pyro
lyzed it yields approximately 66
percent of its
weight as oil, 9 percent gas, 5
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Figure 33. Predicted Values for Heat Content





Data Point* From Stanfield
USBM R I 4825
SHALE GRADE, GALLONS OIL /TON OF SHALE
Figure 32. Specific Heat versus Grade
percent carbon residue. Values close to this but
varying somewhat with the grade of shale were
reported by Stanfield.
1 1
Stanf ield's data include
the distribution of oil shale's heating value among
the assay products from the shale, presented in
Table 31. Supporting data for Table 31 are present
ed in Table 32.
Thermal Conductivity and Diffusivity
Tihen
29
investigated the thermal conductivity of
45
Table 31
Distribution of the Organic Materials and Gross
Heating Values in Assay Products From Six
Selected Oil Shale Samples
Grade of Shale, Gal/Ton 10, 5 26_. 1 36.3 57.1 61.8 75.0
Distribution of organic material
Total organic content of shale 3 percent 7. 8 15. 0 19.9 33.0 34.1 40.6
Conversion of organic material to:
Oil percent 51 65 69 66 69 71
Gas percent 14 12 11 12 12 11
Organic residue percent 35 23 20 22 19 18
Total percent 100 100 100 100 100 100
Distribution of gross heating value
Gross heating value of assay products
Btu/lb. of shale 840 2,248 3,076 5,395 5,616 6,694
Percentage of heating value of assay
products as:
Oil 88 84 84 75 78 79
Gas 3 6 7 9 8 9
Spent shale 9 10 9 16 14 12
Total 100 100 100 100 100 100
Table 32
Calorific Values For Selected Oil Shale
Samples and the Fischer Assay Products
(Supporting Data For Table 31)
Raw Shale:
Grade, Gal/Ton 10.5 26.7 36.3 57.1 61.8 75.0
Gross Heating Value, Btu/lb. 1,020 2,340 3,080 5,510 6,010 7,000
Assay Products:
Oil, weight % 4.0 10.4 13.8 21.9 23.6 28.7
Water, weight % .5 1.4 1.5 1.2 1.1 1.5
Spent Shale, weight % 94.4 85.7 82.1 72.3 70.4 63.6
Gas, weight % 1.1 2.0 2.2 3.9 4.2 4.6
Gas,
ft3
/ton shale 66 337 445 1051 1073 1207
Loss, weight, % -- .5 .4 .7 .7 1.6
Gross Heating Value
of Assay Products
Oil, Btu/lb 18,510 18,330 18,680 18,580 18,510 18,440
Water -- -- -- -- --
Spent Shale, Btu/lb 80 250 330 1,160 1,090 1,250
Gas, 1000 Btu/ton shlale 49 255 453 973 562 1,214
Gas,
Btu/ft3
739 758 1,018 926 897 1,006
Green River oil shale as a function of the grade of
the shale. He noted a difference in values when
measurements were taken perpendicular to and
parallel with the bedding planes. The results of
these studies are shown in Figure 35.
DuBow,
502
at Colorado State University, also
studied the thermal conductivity and thermal
dif-
fusivity of Green River oil shale as functions of
temperature and shale grade. The results of this
research indicated that thermal conductivity de
creases with increasing temperature and shale grade
and attains values ranging from 0.2 to 1.0 Btu/ft/
hr.-F. It was also determined that thermal
diffusivity decreases with increasing temperature
and shale grade and attains values from 0.2 to 0.6
square foot per day. The relationship between
thermal conductivity and temperature for varying
shale grades is shown in Figure 36. A similar





reported heat of retorting values for 28
and 57-gallon-per-ton Green River oil shale at
temperatures ranging from 450 to 1100F for the
28-gallon-per-ton shale and 750-1100F for the 57-
gallon-per-ton shale. The heat of retorting values
represent overall heat requirements and include:
1. The heat content of the mineral and other
nonvolatile portions of the shale at the final
retort temperature.
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Figure 35. Thermal Conductivity versus Grade
of Shale
sion of the organic matter in the shale to gas,
oil, and coke.
3. The heat of decomposition of that portion of
the mineral carbonates that decomposes
under the experimental conditions and other
heats of reaction due to changes in the
mineral content of the shale.
4. The heat of vaporization of the oil and water.
5. The heat content of the gas and oil vapors at
the temperature of their exit from the retort.
Sohns'
values for heat of retorting are presented
in
Tables 33 and 34.
CARBONATE DECOMPOSITION
Colorado Mahogany zone oil shale contains
several carbonate minerals which decompose at or
near the usual temperature attained when retorting
oil shale. Typically, a 28 gallon per ton oil shale will
contain about 23 percent dolomite (a calcium/mag
nesium carbonate) and about 16 percent calcite
(calcium carbonate), or about 780 pounds of mixed
carbonate minerals per ton. Dolomite requires
about 500 Btu per pound and calcite about 700 Btu
per pound for decomposition, a requirement that
would consume about eight percent of the combusti
ble matter of the shale if these minerals were
allowed to decompose during retorting.
Minimizing carbonate decomposition is a neces




studied this problem and reported that in
Colorado oil shale the dolomite begins to dissociate
somewhat below 1050F and calcite begins to
dissociate at 1150F, yield carbon dioxide and
oxides of calcium and magnesium. Both of these
dissociation temperatures appear to be nearly 450F
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Figure 37. Thermal Diffusivity of Selected Oil Shale Grades
Table 33
Heat of Retorting Above 77F
For 28-Gallon-Per-Ton Oil Shale

















Heat of Retorting Above 77 F
For 57-Gallon-Per-Ton Oil Shale
Heat of Calculated Heat









Saline sodium carbonate minerals also occur in
the Green River Formation in certain areas and at
certain stratigraphic zones. Minerals such as nahco
lite and shortite are relatively common. All of
these minerals decompose endothermically at rela
tively low temperatures. These sodium minerals
pose a potential problem in retorting operations in
that they lower the fusion temperature of spent
shale. A comprehensive review of these saline
48
minerals is presented elsewhere in this volume.
Pure calcite dissociation begins near 1650F and
dolomite near 1420F when heated in an atmosphere
containing carbon dioxide at a partial pressure of
760 mm.
Jukkola,35
reporting on his observations of the
thermal decomposition rates of carbonate minerals
in oil shale, reported that dolomite in oil shale
begins to decompose somewhat below 1050F while
the calcite begins to dissociate in the range 1150 to
1200F. Both dissociation temperatures appear to
be nearly 450F lower than that of the cor
responding carbonate in a relatively pure state.
X-ray analysis showed that the dolomitic magne
sium carbonate in oil shale decomposes first after
which an abrupt decrease in the rate of decomposi
tion is apparent. At temperatures below about
1200F decomposition of the remaining carbonates
is extremely slow.
The atmosphere surrounding the oil-shale parti
cles has an anomalous effect on the decomposition
of the carbonates. A nitrogen atmosphere favors
the decomposition of calcium carbonate by reducing
the partial pressure of carbon dioxide which is an
end product of a reversible reaction. The opposite
effect is observed in the decomposition of the
dolomitic magnesium carbonate.
THERMAL REACTIONS
Two common methods for detecting and measur
ing the extent of thermal reactions of oil shale
samples are differential thermal analysis (DTA) and
thermo-gravimetric analysis (TGA). The DTA
method detects endothermic and exothermic reac
tions and permits a plot to be made from which the
magnitude of the reaction and the temperature at
which the reaction occurs may be determined. The
TGA method allows weight changes to be monitored
continuously as a sample is heated and is undergoing
changes which alter its weight.
Heady
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(36 Gal. Oil/ Ton)
SAMPLE E
(62 Gal. Oil /Ton)
oil shale samples ranging from 2.2 to 62
gallon per
ton grade. These curves, presented as Figure 38, are
typical of Colorado oil shale relatively free of
saline
minerals. Each DTA curve in Figure 38, shows an
endothermic dip occurring in the range 842-888
F-
This dip, proportional in magnitude to the amount of
kerogen in the sample, was attributed to absorption
of heat by kerogen during pyrolysis or possibly to
absorption of heat by vaporization of the products of
pyrolysis of kerogen. The heat required for pyrolysis
of kerogen obviously is small.
Figure 39 superimposes a DTA curve upon a TGA
curve for a very complex sample of Colorado oil
shale, one that contains the saline minerals nahco
lite, dawsonite, and perhaps gibbsite. The weight
losses and the endothermic (and exothermic) reac
tions are noticeable at the various temperatures
which cause decomposition of minerals and pyrolysis






reported on U.S. Bureau of Mines
experiments to determine the change during retort
ing in the apparent permeability and the degree of
compaction of beds of broken oil shale. Oil shale
samples studied ranged from 20.6 to 46.7 gallons of
oil per ton, and the simulated overburden pressures
applied to the shale were from 300 to 900 psi. Oil
shales of approximately 20 gallons per ton experi
ence only minor apparent permeability reductions
under test conditions, but richer shales (30 to 50
gallons per ton) lose essentially all permeability.
The permeability reductions were accompanied by
corresponding decreases in bed height that ranged up
to 37 percent of the original bed height.
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Figure 38. Typical DTA Curves for Selected
Oil Shale Samples
Figure 39. Hypothetical Superimposed DTA
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Figure 40. Permeability Change with
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Figure 41. Permeability Change with
Temperature for 31.4 Gallon per Ton
Oil Shale
permeability versus temperature were plotted for
three grades of oil shale subjected to overburden
pressures of 300, 600, and 900 psi. These curves are
presented as Figures 40, 41, and 42.
Burwell concluded that there is a change in the
physical state of the oil shale between 600F and
700F- This is caused by a softening of the organic
material that serves as part of the binding agent in
oil shales. The cementing agent is primarily
Figure 42. Permeability Change with
Temperature for 46.7 Gallon per Ton
Oil Shale
inorganic in lean shales, but in richer shales, the
organic material is the principal cementing agent.
For this reason, the change in physical state during
retorting is more pronounced in the richer oil shales.
Plots of the amount of compaction versus tem
perature were also made. Figure 43 shows compac
tion, expressed as loss in bed height, in percent,
observed with the 20.6 gallons per ton oil shale.
50
Figure 43. Loss in Bed Height with Temperature for 20.6 Gallon
per Ton Oil Shale
MINING METHODS
Oil shale in the Green River Formation, appears
to be very amenable to either open pit or under
ground mining systems in many areas. It is probable
that because of the high grade, thickness, extent,
and accessibility of numerous outcrops, the oil
shales of this area, with proper technology, could be
mined economically. Several basic criteria must be
used to select the most efficient system for mining
oil shale. These include the extent of technical
development needed for each system as well as a
potential for large volume production at a relatively
low cost. At the same time, the resource recovery,
overall safety, and environmental aspects must be
kept in mind.
Open pit mining of Green River oil shale has
never been attempted on a commercial shale;
however, it appears to be applicable to some areas
of Utah, Colorado, and Wyoming. Open pit mining
involves excavating the overlying waste
rock to
expose the oil shale resource below. The oil shale
and waste rock are
"benched" down to a depth
dictated by the economic limits or cutoff grade of
the pit. The slope of the pit walls is determined by
the stability of the rock
that is being mined. A
schematic of open mining is shown in Figure 44.
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Open pit mining has the
advantage of recovering
almost the entire resource (except the oil shale
under the pit boundaries) as opposed to underground
methods which have resource losses in the sills and
support pillars. The equipment needed for open pit
mining would probably
resemble the 15-25 cubic
yard class electric shovels
and 150-ton or larger
haulage trucks.
In the Piceance Creek basin, nearly 80 percent of
the oil shale resource is confined to the deposits in
the deep central part of the basin. For this reason,
underground mining systems with high volume and
low cost will have to be used to efficiently mine the
thick oil shale resource, unless the entire basin were
to be mined as one grand-scale open pit.
Between 1944 and 1954, the U.S. Bureau of Mines
used the room-and-pillar system to mine the Mahog
any zone on the Naval Oil Shale Reserves in
Colorado. The oil shale was recovered by excavat
ing the ore from equal-sized square openings
(60'
x 60') columns or pillars which were left to
support the roof of the excavated
"rooms."
The
mining was started at three levels (later changed to
a two-level system).
16
Figure 45 shows a typical
room and pillar system. Other variations of the
basic room and pillar method can also be used
effectively in oil shale. These include: advance
entry and pillar mining, and chamber and pillar
mining. Figure
4651*3
is a conceptual multi-level
room and pillar system which could be designed to
mine the rich oil shale layers and leave the lean
ones. This system leaves much shale in place as
support pillars and is not appropriate for the thicker
shale deposits
Bulk underground mining could also prove to be a
very efficient means of extracting oil shale at high
volume with a minimum cost. Sublevel stoping is an
example of a bulk underground mining method.
Sublevel stoping involves blasting the oil shale into a
stope (high vertical column of ore) by means of fan
rounds drilled from the sublevel and stope floor.
Front-end loaders are then used to transport the
51
ISOMETRIC
Figure 44. Schematic Open Pit Development
60 .60
Seals, faat
Figure 45. Isometric Drawing of Demonstration Mine
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Figure 46. Multiple Level Room and Pillar
Mining Concept
broken muck from the stope to rail cars pulled by
trolley locomotives. The rail cars are then dumped
into gyratory crushers at the shaft station and the
crushed muck hoisted to the surface. Six stopes,
each with an output of 12,000 tons per day plus the
development tonnage, would result in a production
of 85,000 tons per day. Sublevel stoping may be
done with full subsidence or with spent shale
backfill. Figure 47 illustrates the sublevel stoping
method. The backfill method has some major
advantages over the full subsidence method. These
advantages include:
Minimization of surface subsidence damage
Limitation of vertical fracturing in overlying
strata
Significant reduction in the amount of spent
shale disposal on the surface
A disadvantage is the reduced resource recovery,
from 95 percent for full subsidence to 55 percent
within the mining level for the backfilling technique.
Block caving using slushers is
another method of
bulk underground mining. The caving system is
retreat in nature and starts within an economic
distance from the main access area. A mining level
is divided into panels with each panel subdivided into
blocks. Caved oil shale from an undercut level flows
by gravity down finger raises,
is slushed along a
slusher drift, and dropped directly into rail cars on
the main haulage level. Trolley locomotives then
transport loaded trains to a primary crusher located
in the shaft pocket. The oil shale is reduced to
minus 12-inch size prior to hoisting to the surface.
Instead of slushers, LHD's (Load-Haul-Dump) may be
used to transport the oil shale from the finger raises
to transfer raises, which in turn are used to load the
ore trains.
Room and pillar methods appear to be an
attractive underground method because the techni
que has been proved for use in deposits no thicker
than about 100-150 feet on a large scale. Since the
USBM's room and pillar mine in the 1940's and
1950's, Union Oil Company, Mobil Oil Company, and
Colony Development Operation have all successfully
operated room and pillar mines safely.
Whatever method of mining is used, either
surface or underground, the system must be capable
of excavating large quantities of oil shale at a very
low cost. The mine design must not only be cost
effective, but also a strict concern must be directed
towards health and safety, and the effects upon the
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Figure 47. Isometric View Sublevel Stoping With Spent Shale Backfill
RETORTING PROCESSES
Assay Methods
Since the primary objective of any retorting
operation is the recovery of shale oil from shale
rock, it is imperative that the amount of oil which
may be obtained from a given quantity of rock be
known. This information is necessary to accurately
assess the value of a given oil shale reserve, to
evaluate the efficiency of any particular retorting
process, and to compare the recovery ability of two
or more retorting processes. The procedures by
which the potential oil yield of a given oil shale
sample is determined are known as assay methods.
The first such standardized procedure was sug
gested by Stanfield and
Frost51
in 1946. This
method, known as the Modified Fischer Assay
method, has been widely accepted as an industry
standard since that time. Very simply, the method
involves the laboratory retorting of an oil shale
sample under carefully controlled conditions. These
conditions are designed to maximize oil yield while
simultaneously permitting rapid and accurate yield
determinations. While the Fischer Assay method
provides a relatively accurate estimate of the oil
recoverable from a given quantity of oil shale, the
conditions used for recovery are not necessarily
optimum, and thus a particular retorting process
may well produce a quantity of oil in excess of that
predicted by the Fischer Assay method. The
procedure does, however, provide a good, reproduci
ble basis for comparison, is relatively simple, may
be performed quickly, and may be conducted without
the use of elaborate laboratory facilities.
One of the disadvantages of the Modifed Fischer
Assay technique is that only oil yields are determin
ed. The quantity and composition of the gaseous
effluents are not measured. While this technique is
applicable for resource evaluations, it is not entirely
adequate for use in the design of retorting processes
which depend, in part, on the use of product gas as a
heat source. Modifications to the Modified Fischer
Assay method have been suggested which would
permit the collection of product gas and, thus, allow
for the calculation of material balances. More
recently, a similar method, which collects both gas
and liquid products, has been developed by the Tosco
Corporation (formerly The Oil Shale Corpor
ation).
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The yield of both hydrocarbon liquids and gases is
almost entirely a function of the organic content of
the raw oil shale being processed. Both the Modified
Fischer Assay and the TOSCO Assay methods deter
mine the product yields under a given set of
retorting conditions,
but they do not directly assess
the total organic content of the shale. Since the
ultimate goal of retorting is usually the recovery of
54
these products, both of the abovementioned pro
cesses directly yield the required information. Re
cently, however more sophisticated techniques have
been used to determine the elemental analysis of
raw oil shale and then correlations have been
developed to convert this analysis into expected
yields of oil and gas.
""
52i,525,528
MODIFIED FISCHER ASSAY METHOD
The U.S. Bureau of Mines has tested, developed,
and improved the Modified Fischer Assay technique
over a period of many years. USBM publications







A sketch of the
laboratory equipment used in the technique is shown
in Figure 48. A representative, one-pound oil shale
sample is first prepared by crushing to minus 8-mesh
in a jaw-type crusher. After each pass through the
crusher, the material less than 8-mesh is removed to
minimize the amount of fines. The combined
portions of the crushed shale are then mixed and a
125-gram portion is removed for determination of
total moisture. Another portion of the crushed shale
is removed and dried in an oven at 221F (105C)
for one hour.
A 100-gram sample of the dried shale is then
charged to the retort in five layers, the layers being
separated by aluminum discs attached to a central
vent tube. The retort burner is then ignited and the
temperature adjusted so that it is within ten degrees
Centrigrade of the temperature profile curve shown
in Figure 49. After heating for 40 minutes, a
temperature of 932F (500C) is maintained for an
additional 20 minutes. Oil shales averaging more
than 70 gallons per ton, however, may require an
additional heating of 10 to 20 minutes to complete
retorting.
The gaseous products produced in the retort are
first passed through a centrifuge tube submerged in
a cooling bath at 100F (37.8C), in which most of
the shale oil product is condensed. The gas then
passes upward through a short column of glass beads
into a glass reflux condenser, through which a
cooling solution is circulated at 32F (0C). Addi
tional shale oil is condensed in this unit.
After the centrifuge tube containing the conden
sate reaches room temperature, it is removed and
weighed. The tube is then warmed to 100F
(37.8C) and centrifuged to separate the oil and
water. Assuming a specific gravity for water of 1.0,
the volume of water in milliliters is reported as the
weight in grams. The oil is removed from the
centrifuge tube and the specific gravity is determin
ed. The weight of the water is subtracted from the
total weight, yielding the weight of oil. By using the
specific gravity, the oil weight is converted to a
volume in milliliters. The yield of oil in milliliters
per 100-gram sample is then converted to a yield in
gallons of oil per ton of raw shale.
=i Vent to exhaust
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Figure 49. Temperature Profile for Fischer Assay Retorting Procedure
TOSCO MATERIAL BALANCE ASSAY




bles the Modified Fischer Assay method in that both
are essentially laboratory-scale retorting processes,
but the Tosco method provides for the collection of
gaseous effluents, thus allowing complete material
balances to be calculated.
A representative oil shale sample is first prepar
ed by drying to remove surface moisture. The
sample is then crushed in a laboratory sized jaw
crusher to approximately minus 4-mesh. The crush
ed shale is then processed in a hammer-type
Raymond mill which reduces the size to minus 65-
mesh. The resulting material is split to a volume of
less than 1/2 gallon by using a Jones riffle. The
1/2-
gallon samples are then blended on a blending wheel.
The final preparation step is dividing the sample in
four 100-gram portions on a small Jones riffle.
The 100-gram sample is next charged to the
retort assembly, show in Figure 50. Three aluminum
heat transfer discs are also placed at regular
intervals in the sample. Glass wool is placed on top
the sample to prevent dusting. The sample contain
er is then placed in the steel retort.
The retort and product collection system is
shown in Figure 51. The system is first purged with
THERMOCOUPLE -



















Figure 51. TOSCO Material Balance Assay Product Collection
Assembly
nitrogen and the condenser cooling system is started
and maintained at 32F. The retort is then heated
at a rate consistent with the temperature profile
shown in Table 35. After 50 minutes the tempera
ture is held at 932F for 20 minutes. Following this
soak period, the system is again purged with
nitrogen.
The gases which are evolved during the retorting
process pass into a centrifuge tube immersed in an
ice bath, condensing a majority of the oil shale
vapors. The gas then passes through a glass
condenser column cooled with ice water, thus
removing the remainder of the
condensable shale oil
product. The noncondensable gases activate a
solenoid by a mercury switch and are pulled into the
evacuated gas bomb. The solenoid is deactivated by
the pressure drop and the system returns to atmos
pheric pressure until another surge of product gas
passes through the system.
The oil and water collected in the centrifuge
tube are warmed to 100F and centrifuged for ten
minutes at 2,000 rpm. The quantity of oil and water
collected are determined in the same manner as the
Modified Fischer Assay method. The residue re
maining in the retort is
also weighed. Nitrogen is
introduced into the gas bomb to increase the
pressure to atmospheric. The gas is then
analyzed
by gas chromatography,
and based on the volume of
the bomb and the determined volume
of nitrogen,
the volume of retort gas can be
calculated. Not
only does this
process provide for an evaluation of
the oil yield from the sample in
gallons per ton, but
through an analysis of the gas products,
elemental
and total material balances may be
calculated.
OTHER METHODS
Since the oil and gas yields from oil shale are
directly related to the organic content of the shale,
it would be reasonable to expect that correlations
could be developed to relate the elemental analysis
of a sample to its oil and gas yields. Elemental
analyses can be quickly determined using sophisti
cated laboratory equipment, and with the
appro-
Table 35
TOSCO Assay Temperature Profile
(Internal Thermocouple)
Approximate













priate correlations, the expected yields can be
quickly estimated. Two of the methods most
recently suggested are nuclear magnetic resonance,
thermal chromatography, and microwave radiation.
Some of the initial research on nuclear magnetic
resonance (NMR), as it applies to oil shale assaying,
was conducted at the Laramie Energy Research
Center by Decora, McDonald, and
Cook.526
As an
extension of those efforts dealing with broad-line
NMR methods research was performed by Miknis,
Decora, and
Cook527
on pulsed NMR methods. The
NMR method measures the absolute spin concentra
tion, and therefore, the results can be traced to a
measure of the organic hydrogen content. NMR
measurements, rather than being reported in gallons
per ton, are in terms of grams of hydrogen or weight
percent hydrogen. It is this organic hydrogen,
coupled with the organic carbon which constitutes
the theoretical potential yield of oil. Once the
correlations relating organic content to oil yield are
established for a given set of samples, the applica
tion of these correlations to other samples assumes
that the percent conversion of organic matter to
liquid oil is the same for both samples. Tests have
shown that this is largely true for Green River oil
shales.
The use of a thermal chromatograph for estima
tion of oil yield has been described by Reed and
Warren.
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In this process a sample of oil shale is
heated according to a prescribed temperature pro
file. The gases evolved are passed through either a
thermal conductivity detector or a flame ionization
detector, thus generating a thermogram curve as a
function of temperature. The volatiles are trapped,
then backflushed through a gas chromatograph
column to obtain a gas chromatogram of the
constituents. Initial testing with this procedure
show that for Green River oil shales, the technique
very accurately predicts the oil yield as determined
by the Modified Fischer Assay method.
Types of Processes
Retorting processes can generally be divided into
two major categories: aboveground (surface) and
underground (in situ). All surface retorts are similar
in that the retorting process actually occurs in a
metal vessel in an aboveground facility. Such a
configuration has the advantage that process flows
and operating parameters can be easily controlled
and manipulated. However, the surface processes
also suffer the disadvantage that tremendous quanti
ties of raw oil shale must be mined, transported to
the retort area, processed, and disposed of in an
environmentally acceptable manner. On the other
hand, an in situ recovery process requires at most
only a limited amount of mining and solids handling,
but it has the disadvantage that remote sensing must
be used to monitor almost all process operating
conditions, thus complicating the control problem.
While an in situ recovery scheme produces little, if
any, waste material to dispose of aboveground, the
retorted zone of spent shale left after in situ
retorting could present some serious environmental
problems of its own, if not dealt with properly.
ABOVEGROUND (SURFACE)
Literally hundreds of U.S. patents have been
issued concerning aboveground retorting of oil shale.
Brief reviews of all patents issued from 1845
through 1956 are contained in U.S. Bureau of Mines
Bulletins 467, 468, and 574. Despite the number and
types of retorting processes described in the litera
ture, no one process has yet been shown to be best
for all purposes. It is probable that a combination of
processes would best serve a commercial shale
retorting facility.
Only about nine or ten aboveground retorting
processes have been investigated sufficiently that
they might be considered for application in a
commercial operation in the United States. No
retorting process has yet been demonstrated on a
commercial scale. The most thoroughly investigated















Direct heated processes rely on internal combus
tion of fuel (generally recycle gas or residual carbon
in the spent shale) with air or oxygen within the bed
of shale in the retort to provide all the necessary
process heat requirements. Products of combustion
and nitrogen (if air is used for combustion) accom
pany the off-gas stream from the retort.
Indirect heated processes utilize a separate
furnace for heating solid or gaseous heat-carrying
media which are injected, while hot, into the shale
in the retort to provide the process heat require
ments.
The processes listed under the category of
"combination"
do not operate in the direct and
indirect heated mode at the same time. Rather,
they are processes which may be either direct or




In situ retorting means the retorting of oil shale
in place, without removing it from the ground by
mining. Discussions of in situ retorting often
distinguish between "true" in situ processes, which
involve only the drilling of wells, and
"modified"
in
situ processes which require some mining to develop
the underground retort chambers. This distinction is
only a matter of degree, since even the drilling of
wells requires removal of some material, and the
distinction can become blurred when various
methods requiring successively less mining in pre
paring the retorting zone are considered. With the
exception of Occidental Petroleum's work, the de
velopment of in situ processes has not advanced to
as large a scale of production as surface retorting
methods. There is, however, much interest in and a
large potential application for in situ methods.
In situ retorting involves the in-place heating of
an underground shale formation under conditions
wherein the flows of heat, vapors, and liquids can be
controlled, resulting in the recovery of acceptable
quantities of gaseous and liquid products from the
resource. Typical Green River Formation oil shale
occurs as competent, hard, non-porous rock forma
tions which are generally unsuitable for in situ
retorting. It is, therefore, necessary to modify the
rock and create some degree of permeability. Two
major difficulties encountered in field experiments
have been the failure to achieve adequate permeabi
lity prior to retorting, and the failure to achieve
adequate control of the flows of heat, vapors, and
liquids during the retorting process.
Several in-place physical properties of oil shale
are of particular importance when discussing in situ
retorting. The permeability of Green River oil shale
is essentially zero. Oil shale is a fine-grained
laminated rock consisting of both organic and
inorganic minerals. Joint patterns and fractures do
occur in the formations, but the natural fractures
are widely spaced and do not provide the massive
fracturing necessary for successful in situ proces
sing. In certain zones, water-soluble minerals occur.
These occurrences are as bedded zones, as vugs, and
as disseminated grains. These soluble minerals may
be removed, resulting in some permeability of the
remaining rock.
The porosity of the inorganic mineral matrix
cannot be determined by methods used in determin
ing porosity of conventional petroleum reservoir
rocks because the organic matter is a solid material
rather than a liquid. Furthermore, it is insoluble in
solvents.
Rock fragment size is also of some importance.
Most aboveground retorts are fed carefully sized
shale fragments, generally in the range 1/4-inch to
3-inches for vertical kilns and minus 1/4-inch for
TOSCO II retorting. In recent years, retorting of
large, random-sized fragments has been investigated
because of the likelihood that shale fragmented in
situ may be in the form of large fragments.
Structural deformation occurs in rich oil shale as
it is retorted under pressure. As samples are
retorted, they lose physical strength and collapse
easily under pressure, with an accompanying loss in
permeability. The thermal conductivity of oil shale
is also very low, thus contributing to the problem of
heat distribution throughout an in situ retorting
chamber or through a single fragment.
Lesser90
studied mathematical models designed to compute
the temperature history of oil shale formations
during the passage of
1000
F steam through equally
spaced horizontal fractures. This investigation
showed that 4 to 11 years would be required to heat
the shale formation to 700F and that 32 percent or
less of the injected heat would be utilized to heat
the rock. The long time required for heating and the
low heating efficiency are results of characteristi
cally low diffusivities of oil shale formations.
Values used for diffusivity were 0.015 in the
horizontal direction and 0.010 in the vertical direc
tion.
Process Objectives
Desirable objectives for an oil shale retorting
process in the United States include:
The retort should be of simple design, of
large capacity, and be capable of continuous
operation.
The process should be self-sufficient in fuel.
If liquid oil is the product desired, recovery
should at least equal the Fischer assay.
The retorting process should utilize tempera
tures below the decomposition temperature






has reported results of batch type retort
ing experiments at 950F investigating the effect of
pressure and surrounding atmosphere on the retort
ing of oil shale. Keeping the temperature constant
(950F), the sweeping gases used in separate tests
were N2, CCfe , H20, NH3, and H2 , Experimental
pressures ranged from atmospheric to 2,500 psig.
Test results indicated that high pressure reduces
the oil yield significantly, as shown in Figure 52, but
produces a larger volume of light hydrocarbon gases.
The crude shale oil produced at high pressure has
higher aromaticity and a lower pour point than the
low pressure shale oil. Sulfur and nitrogen contents
of oils do not change significantly with pressure.
In U.S. Patent 3,573,194, Esso Research and
Engineering Company claims that retorting oil shale
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Figure 52. Effect of Pressure on Oil Yield
improves the oil product quality comparable to that
obtained with hydrogen. Comparative runs were
made by Esso where crushed oil shale having particle
diameters within the range from 3/8 to 3 inches and
an average Fischer assay value of 34.4 gallons per
ton were retorted under the same conditions, except
in one instance H2 pressure was used and in another
instance N2pressure was employed. Runs at 750 and
33 psig were conducted, the results and conditions of
which are shown in Table 36.
Gravity, viscosity, and pour point were very
similar at the same pressure but significantly differ
ent as pressure was changed from 33 to 750 psig.
Thus, the type of gas had no measurable effect on
product quality, but an increase in pressure gave a
much improved product; i.e., lower density, lower
viscosity, and lower pour point.
Wise535
studied the effects of pressure and a
nitrogen atmosphere during retorting of 31.1 gallon
per ton oil shale. Pressures from atmospheric to
1,500 psig, nominal heating rates from 14 to 125F
per hour, and nitrogen sweep gas velocities from 1.0
to 125 standard cubic feet per hour per square foot
were studied. The shale used in the tests was
crushed and screened and the material tested was all
of minus 3/4-inch and plus 1/4-inch size. Pressure,
sweep gas rate, and heating rate were all varied
independently, and the amounts and properties of
the liquid and gaseous products, as well as the spent
shale, were determined.
Pressure was found to be the only variable which
had an appreciable effect on the retorting process.
With an increase in pressure, oil yield decreased, gas
production increased, coke on the retorted shale
increased, oil specific gravity and viscosity de
creased, and the amount of lighter distillation oil
fractions increased. Accompanying the decrease in
average oil yield with increasing pressure, there was
an increase in both the average amount of gas
produced and the average percentage of the initial
organic carbon left on the retorted shale (coke).
Noting that data on pressure effects on oil shale
retorting are both limited and contradictory, La Rue
reported
5 3 6
on the effects he noted at high pres
sure, using an atmosphere of hydrogen. The author
retorted minus 1/2-inch shale samples of 31- and 24-
gallon per ton grade in a pressure retort using
hydrogen as the sweep gas. Pressure, sweep gas
flow rate, and heating rate were varied independent
ly-
No effect was detected on retort yields with
variance of the sweep gas flow rate. Oil yields
showed a marked increase with retorting pressure
increases. This was the result of the inhibition of
coking reactions due to the high partial pressures of
hydrogen, and also due to hydrogenation reactions.
The oil produced showed a decrease in oxygen,
sulfur, carbon/hydrogen ratio, pour point, viscosity,
specific gravity, and average boiling range with
increasing retort hydrogen pressures. Nitrogen
content of the oil showed an increase with increas
ing retort hydrogen pressures. The results of
LaRue's studies are shown in Table 37.
A comparison of product distribution from re
torting in helium and hydrogen atmospheres has been
made by Weitkamp.
"*3
Using hydrogen rather than
helium at a pressure of 500 psig and a flow rate of
50 cc per minute (at atmospheric pressure), the
overall yield was increased to about 1.9 times that
with helium. Table 38 shows the product distribu
tion data collected by several investigators using a
batch-type eight-inch diameter by 20-foot reactor in
Table 36




Retort gas H2 N2 H2 N?
Retort pressure, p.s.i.g 750 750 33 33
Shale lot number 8 8 10 10
Oil inspections:
Gravity, API at 60 F 38.9 36.5 26.2 26.1
Viscosity, cs. at 100 F 1.70 1.73 12.06 10.34
Pour point, F 20 20 85 85
Nitrogen, wt. percent 1.40 2.46 1.68 1.60
Hydrogen, wt percent 12.33 12.17 11.96 11.84
Carbon, wt. percent 81.46 84.75 83.83 82.10
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Table 37
Pressure Retort Results for Experiments with Hydrogen Atmosphere
Percent organic carbon CO,
System Heating H2 Flow Oil yield C4
+ Oil yield
pressure rate rate Retorted Oil Gas Free (wt-pct) (wt-pct)
Run (psia) (F/hr) (scf/hr/ft ) shale (c4+) (CO & C02 free) gas (C3-) (F.A. basis) (F.A. basis)
1 11 25 60 24.3 72.5 3.2 36.6 70.5 71.4
2 11 25 120 18.1 75.4 6.5 40.0 85.2 86.4
3 11 75 10 24.0 71.0 5.0 31.7 83.0 88.8
4 11 75 30 24.5 65.4 10.1 53.3 85.6 90.7
5 11 75 60 23.0 71.1 5.9 40.9 83.0 85.3
6 11 75 120 23.5 72.4 4.1 32.4 92.4 93.6
7 11 125 10 31.7 61.6 6.7 30.8 87.3 89.8
81
11 125 30 21.0 68.9 10.1 67.8 73.5 78.6
9 11 125 60 26.1 63.1 10.7 63.6 93.8 98.7
10 11 125 90 23.5 69.2 7.3 33.5 86.4 90.2
11 11 125 120 19.5 72.9 7.6 49.8 88.2 90.5
12 11 200 60 26.1 65.6 8.1 52.9 89.9 93.1
13 11 250 60 23.5 63.1 13.4 80.8 93.8 99.1
142
761 25 30 10.5 76.8 12.7 51.7 105.7 114.3
152
761 25 60 11.7 79.5 8.8 56.7 103.7 106.1
16
2
761 25 90 1.2 89.8 9.0 57.7 103.1 113.0
17 761 25 120 2.1 86.7 11.2 60.1 104.6 107.2
18 761 25 120 1.4 83.1 25.5 93.6 94.2 96.0
19 761 75 60 15.2 70.7 14.1 65.5 87.7 90.3
20 761 75 120 2.9 83.3 13.8 72.3 101.1 104.4
21 761 125 60 9.9 74.8 15.3 71.3 91.6 94.0
22 761 125 90 9.2 67.4 23.4 112.2 85.6 89.5
23
2
761 125 120 4.7 82.7 12.6 61.5 95.5 98.0
24
2
1,367 25 120 2.3 83.3 14.4 75.5 102.3 115.4
25
2
1,367 125 60 3.4 82.3 14.3 71.8 116.5 122.1
26 1,367 125 120 7.9 80.1 12.0 71.1 103.8 110.1
27 1,511 25 30 12.7 75.1 12.2 58.8 94.2 105.8
28 1,511 25 60 5.5 84.1 10.4 58.6 106.8 110.7
29 1,511 25 90 10.3 77.6 12.1 62.1 96.2 108.7
30 1,511 25 120 13.0 73.3 13.7 70.2 102.8 109.7
31 1,511 75 60 10.1 78.9 11.0 54.2 99.3 103.4
32 1,511 75 90 9.9 80.5 9.6 47.0 95.0 110.1
33 1,511 75 120 3.3 81.7 15.0 82.6 109.7 112.1
34 1,511 125 60 11.6 72.2 16.2 65.0 87.5 101.7
35 1,511 125 60 9.1 74.8 16.1 65.0 100.2 101.5
36 1,511 125 90 7.9 74.3 17.8 72.1 90.3 93.4
This run overheated to
1150
F.
These runs were made with 31.1 gallon per ton shale,
with 24.2 gallon per ton shale.
all others were made
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Table 38
Product Distribution From Retorting
In Hydrogen and Helium
Sweep Gas
Hydroq en



































Actual yield in hydrogen 193% of that in helium.
Estimated to a weight basis from reported
ASTM distillation.
The work of Weitkamp and Gutberlet.
which the hydrogen pressure was in the range of
1000 to 2000 psig. The shale was crushed so that the
largest fragments did not exceed four inches in
diameter.
PARTICLE SIZE
Often the operational requirements of a retort
ing process require the shale to be of a particular
particle size range. The TOSCO II process, as one
example, requires minus 1/2-inch feed shale (and
preferably shale finer than 1/4-inch) in order that
the 1/2-inch diameter heat-carrier ceramic balls
may be separated from the spent shale by screening.
Vertical kiln processes such as the Gas Combustion
and Petrosix require discrete particles, most of
which are coarser than 1/4-inch size.
The Laramie Energy Research Center (LERC)
constructed a 150-ton N-T-U vertical kiln retort for
the purpose of investigating the retorting of coarse,
random-sized shale feed. Tests conducted in this
unit used shale feed having 20 percent larger than
20-inches and one fragment tested weighed 1,700
pounds. The test results reported by
Harak1*8'1*9
showed that satisfactory retorting was achieved
with the random-sized feed, and even the 1,700-
pound sample was fully retorted. It was found,
however, that the particle size does influence the
retorting time required due to the rate of heat
transfer through the larger blocks.
The LERC tests were very valuable in relation to
in situ retorting research. While crushing and
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Figure 53. Retorting Rate for Modified Fischer
Assay
screening operations can ensure that aboveground
processes receive feed shale in a particular size
range, no such guarantee exists for in situ retorting.
Once the formation is rubblized by explosives or
other means, the retorting process must deal with
the shale fragments in whatever size or configura
tion they happen to have. As closely as possible, the
LERC tests simulated the possible particle size
ranges which may be present in an in situ retort.
TEMPERATURE
One standard by which the effect of temperature
on oil shale retorting may be judged is the curve,
presented as Figure 53, which displays the tempera
ture/time relationship used for the Fischer assay
procedure. Obviously, shale heated according to this
schedule in the prescribed equipment for the Fischer
assay will yield the Fischer assay amount of oil.
Hill50
studied the effect of temperature on oil
yield and quality, and gas yield and quality. Tables
39, 40, 41, and 42 present his data, which were




5, calcium carbonate and
dolomite in oil shale begin to dissociate nearly
450F lower (during retorting) than corresponding
carbonates in the pure state.
Smith
51,
investigated high temperature mineral
synthesis in spent shale during retorting operations.
In conventional aboveground retorting processes
relatively low maximum temperatures are reached.
These temperatures are usually 1300-1400F. In
modified in situ retorting processes, however, Smith
believes that maximum temperatures may reach
2200F and that at least three solid-state reactions
can occur. These reactions are:
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Table 39
Effect of Temperature on Oil Yield
Oil-Weight Percent U. of U. % of
Test Temper ature Pressure Duration U. of U. Fischer Assay Fischer Assay
D-4 331C 628F atm 550 hrs. 4.0 11.9 33.6
D-5 347 657 atm 425 4.8 11.9 40.4
D-19 353 667 atm 159 4.3 11.0 39.1
D-7 364 687 atm 312 6.0 11.4 52.6
D-22 395 743 atm 71 7.6 10.6 71.6
D-16 399 750 atm 86.5 8.0 11.0 72.8
D-17 420 788 atm 38.0 8.8 11.0 80.0
D-10 427 801 atm 37.5 8.9 11.4 78.1
D-14 427 801 1000 psig 14.7 8.6 11.8 72.9
D-l 500 932 atm 13.5 7.6 8.2 92.6
Table 40
Effect of Temperature on Oil Quality
Test Temperature
Specific
Gravity API Gravity Pour Point
Fischer Assay
Specific Gravity




D-5 657 347 .823 40.5 -45 .911
D-19 667 353 .828 39.4 -23 .914
D-7 687 364 .817 41.6 -18 .912
D-22 743 395 .838 37.4 -20 .910
D-16 750 399 .828 39.4 -23 .914
D-17 788 420 .832 38.6 -20 .914
D-10 801 427 .888 27.7 -5 .912
D-14 800 427 (1000 psig) .814 42.3 -22 .903
D-l 932 500 .852 34.6 10 .907
D-2 968 520 .859 33.5 0 .907
Table 41
Effect of Temperature on Shale Oil
Ultimate Analyses From a Flow Study at 300 PSIG
Sample Temp.C %C %H %N %S %Q C/H
HP-14-2 370 83.9 12.5 .65 1.14 1.84 6.71
HP-14-3 400 84.0 12.6 . 6 1.16 1.36 6.66
HP-14-4 425 84.8 12.3 .83 1.31 1.08 6.89
HP-14-5 430 84.6 12.6 .91 1.61 1.24 6.71
HP-14-6 450 85.0 12.2 1.11 1.30 1.01 6.96
HP-14-7 480 84.5 12.0 1.46 1.27 1.11 7.04
HP-14-8 485 84.5 12.0 1.41 1.04 1.11 7.04
HP-14-9 490 84.6 11.9 1.01 1.24 1.07 7.11
HP-14-10 493 84.2 11.8 1.08 .96 1.11 7.14
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Table 42









%CrK %CpH/- XC3Hfl %HpS %H?+others
300 1.88 30.5 43.6 2.09 3.55 20.3
350 1.7 18.7 15.2 16.3 2.85 .44 46.5
380 2.64 3.8 13.1 . 4.02 3.40 .90 74.8
404 3.21 3.5 19.2 6.44 4.54 .61 65.7
444 6.61 9.6 28.1 6.92 3.04 .29 52.0
485 6.79 26.7 21.2 1.44 .75 49.9
500 3.58 41.0 9.94 .85 .90 48.2
525 10.7 69.0 4.23 .33 26.4
552 33.4 89.6 2.91 7.5
575 39.6 77.5 1.34 21.2
590 9.25 99.6 .37
Gas-solid reactions which retain sulfur in the
solid minerals of the spent shale. Hydrogen
sulfide, formed by the attack of hydrocarbons
and hydrogen on kerogen and pyrite, will
combine with calcium carbonate. When
oxygen becomes available, as the firefront
passes, sulfur is oxidized and then reacts to
form anhydrite (mineral formula = CaSO ).
Solid-solid reactions in which oxides of cal
cium, magnesium, silicon, aluminum, etc.
react to form stable and insoluble minerals
such as augite, melilite, and monticellite.
Many trace elements are also incorporated in
these synthesized minerals.
Gas-solid recarbonization reactions occur,
such as the reaction of carbon dioxide with
calcium oxide. According to the author,
carbon dioxide is available in the retort as it




studied the effect of heating rate on
the yield of oil, gases, and char during pyrolysis of
10.1, 25.6, and 49.4 gallon per ton oil shale samples.
Thermal gravimetric analysis (TGA) and thermal
chromatography techniques were used in the study.
The TGA tests used seven milligrams of sample.
The effect of heating rates on the TGA curves for
the pyrolysis of 25.6 gallon per ton shale are shown
in Figure 54. Similar curves were obtained for the
10.1 and 49.4 gallon per ton samples, but these were
not included in this reference.
The effect of increasing the heating rate from
4C per minute to 40C per minute was noted to be
a decrease in the yield of oil and gaseous organic
products by 23 percent. The higher heating rate also
tended to favor the formation of higher boiling
components in the product shale oil.
SHALE GRADE
All grades of oil shale have high compressive
strength, amounting to many times that necessary to
withstand pressures imposed by shale burdens in
retorts or overburden pressure encountered during in
situ retorting experiments. However, very rich oil
shale loses strength upon retorting. As a result,
permeability of shale being retorted in retorts or by
















Figure 54. TGA Plots of the Decomposition
of 25.6 Gallon per Ton Oil Shale
at Different Heating Rates
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shale's grade is high.
A significant part of the heat required for
retorting is for the heating of the shale rock itself,
not the actual pyrolysis of the kerogen. It therefore
follows that the more kerogen there is in a given
weight of shale rock, the more product there is to be
recovered, and for a relatively small incremental
increase in heat requirement. Also, the more
sensible heat which can be recovered from solid and
gaseous products leaving the retort, the more
efficient the retorting process will be.
Another factor to be considered regarding the
effect of shale grade on retorting is refluxing of
product oil. In a typical vertical kiln type of retort,
the products of pyrolysis pass through a cooler zone
of raw shale. If these products are very rich in shale
oil, as from the retorting of rich oil shale, some of
the oil will tend to condense before leaving the
retort. Eventually, the zone in which this condensa
tion occurs will become thermally crack into shorter
chain molecules, thus resulting is an upgraded
product, but residual carbon (or coke) may build up




applied thermogravimetric analysis to a
study of Colorado oil shale. Using very slow heating
rates, pseudo steady state devolatilization data were
obtained. A graph showing the devolatilization as
demonstrated by weight loss versus temperature is
shown in Figure 55. The author points out that the
data presented are not at true equilibrium because
pyrolysis reactions are not reversible and, over long
periods of time, complete devolatilization would
occur even at temperatures around
750
to 800F.
However, the rate is extremely slow, involving many
hours. From a practical standpoint, most oil shale
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Figure 55. Devolatilization of Colorado Oil
Shale Showing the Effect of
Temperature on Weight Loss
retorting will be fairly rapid, and, therefore,
the
data presented by Allred may be assumed to be
representative of steady state conditions.
Allred's data showed the critical temperature for
complete pyrolysis of oil shale kerogen is very close
to 800F- He shows a heat of pyrolysis of about 11
kcal/gram mole, to convert bitumen in Colorado oil
shale to volatile hydrocarbons. In addition, a heat of
about 9.4 kcal/gram mole is required to volatize the
hydrocarbons. This leads to a value of 20.4
kcal/gram mole required to separate shale oil by
pyrolysis from the inorganic materials.
According to Allred, the mechanism by which
Colorado oil shale decomposes is as follows:
'Jas




He also concluded that at temperatures below
900F the decomposition of the benzene-insoluble
organic matter (kerogen) into the soluble bitumen is
a fairly rapid step compared to the decomposition of
bitumen to the hydrocarbon-like materials. How
ever, at temperatures above 900F the decomposi
tion of bitumen appears to be rapid and either the
decomposition of kerogen or the physical volatiliza
tion, i.e., boiling out of fluid from the shale as a
vapor becomes the slow or rate determining step.
The rate of kerogen disappearance and the forma
tion of carbon residue on spent shale at 900F is
shown in Figure 56.
Cummins and Robinson1*2 extended the data
downward to a temperature of 150C and extended
the heating time to 12 months. The authors stated





REFERENCE t*/> REFERENCE (W)
TIME, Mill.
Figure 56. Rate of Kerogen Disappearance
and the Formation of Carbon Residue
on Spent Shale at 900F
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350C approximates a first-order reaction. The
specific reaction rate for the decomposition of
kerogen is 2.2 x lO"" per day at 150C; 2.4 x
10-"
per day at 200C; 6.0 x
10"3
per day at 250C; 2.9
x 10
*2
per day at 300C; and 2.0 x 10
_1
per day at







authors had ignored sample heatup time in their
measurements and demonstrated that if a thermal
induction is included in the data analysis, the
kinetics of oil production are easily explained by a
simple mechanism involving two consecutive
first-
order reactions. The theory which remains un
changed is that the pyrolysis of kerogen can be
expressed as:
Kerogen -^Bitumen + Gas + Carbon
k
Bitumen Oil + Gas + Carbon
where k , and k2 are the first-order rate constants
for decomposition of kerogen and bitumen. New
kinetic equations were derived from the above




dependent constants which follow the equations:
The authors concluded that the decomposition of
kerogen is the rate-controlling step at
temperatures
above 760K, while the decomposition of bitumen is
the rate-controlling step at temperatures below
760K.
Funicane531
proposed a non-linear kinetic model
to account for the thermal degradation reactions of
kerogen, bitumen, oil, and gas between the tempera
tures of
400
to 500C. In the model, kerogen and
carbon residue are taken together as one species
because of the analytical difficulty of chemically
distinguishing between the two. Similarly, gas and




Bitumen *- Gas and Oil
k3
Kerogen + Bitumen > Bitumen + Gas and Oil
k4
Kerogen + Bitumen 2 Bitumen
The reaction rate constants k i and k 2 are first
order, and k 3 and k,, are auto-catalytic constants.
These rate equations were solved using perturbation
analysis, and the rate constants at five temperatures






R = 8.3143 J/md K
Robinson39
reported that when Green River
kerogen is pyrolyzed at 500C, it yields approxi
mately 66 percent oil, 9 percent gas, 5 percent
water, and 20 percent carbon residue. Values close
to these, but varying somewhat, have been reported




reports kerogen conversion yields from various
grades of oil shale as shown in Table 44.
T( C)
Table 43




k3(min ) K.(min )
400 0.065 0.021 0.096 -0.216
425 0.091 0.014 0.222 0.100
450 0.190 0.127 0.413 0.045
475 0.288 0.235 0.904 0.240
500 1.750 0.677 1.544 -3.470
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Table 44
Grade of Shale, gal/ton
Conversion of Kerogen by




































The N-T-U retort was invented by R. C. Dundas
and R. T. Howes, who obtained U.S. Patent No.
1,469,628 in 1923. In fact, the retort is sometimes
known as the Dundas-Howes retort. Improvements
were subsequently made to the retort by G. W.
Wallace in U.S. Patent No. 1,536,696 (1925) which
claimed the feature of mixing recycle gas with air
prior to injection into the retort. In the early 1920's
a firm known as the N-T-U Company (the letters
standing for Nevada-Texas-Utah) constructed a
40-
ton retort near Santa Maria, California. About the
same time, the U.S. Bureau of Mines (USBM) began
laboratory studies with oil shale. When a decision
was made to construct a small pilot plant, the USBM
selected the N-T-U retorting technology. The
N-T-
U retort was constructed and operated by the USBM
at a site approximately 11 miles west of Rifle,
Colorado between 1925 and 1927. The plant was
also operated for some time during 1928 and 1929.
The pilot plant was permanently shut down in 1929
and field work was halted until 1944.
In 1944, the Congress of the United States passed
Public Law 290, known as the Synthetic Liquid Fuels
Act of April 5, 1944. This act and its extensions
authorized the construction and operation of demon
stration plants to produce synthetic liquid fuels from
coal, oil shale, and other
materials. A total of $87
million was appropriated for the Synthetic Liquid
Fuels Program, of which approximately $18 million
was spent on the Anvil Points oil shale project near
Rifle, Colorado.
One of the first projects conducted by the USBM
in response to this mandate was the
construction of
a new retorting pilot
plant at a site a few miles west
of Rifle, Colorado, known as
Anvil Points. The
primary
functions of the plant were to provide
design data and to yield
significant quantities of
shale oil for subsequent refining
studies. The
retorting process selected for use at the plant was
the N-T-U process. This decision was made because
the process was a relatively simple batch method
with a proved record of successful operation in both
California and Colorado. These factors would also
make it inexpensive and expedient to construct.
Construction of two identical 40-ton N-T-U
retorts was begun in April 1946 and operation began
in May 1947. Two retorts were constructed rather
than one to allow extended runs to be conducted on
one unit while equipment changes and operating
procedures could be investigated on the other, and
to avoid a complete plant shutdown during repair
operations. It was also determined that the cost of
installing only one retort would have been approxi
mately 70 percent of the cost for two units.
The operation of the N-T-U retorts was divided
into three periods: preliminary operation, process
variable study, and production operation. A total of
7,596 tons of raw oil shale was processed during the
preliminary operation, 7,494 tons were used in the
process variable study, and 22,457 tons of shale were
processed during the production phase producing
12,359 barrels of crude shale oil. When the plant
was dismantled late in 1951 to make way for the Gas
Combustion process, each N-T-U retort had operat
ed about 6,750 hours. A subsequent inspection
revealed that the plant was still in reasonably good
condition regarding physical wear and corrosion.
Just as World War II prompted the United States
to begin an active investigation of alternative fuels
sources such as oil shale, it also encouraged other
countries to do likewise. In Australia, many
substitute fuels were used, one of which was "shale
oil
distillate."
One of the largest wartime shale oil
production companies was Lithgow Oil Pty. Ltd.,
which was formed as a cooperative concern by a
group of Sydney firms in 1941 in order to produce
fuel for their commercial vehicles. All of the
mining, retorting, and refining operations were
conducted at Marangaroo, approximately nine miles
from Lithgow, N.S.W. A comprehensive description
of this operation is provided by
Mapstone.1*26
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The oil shale feed for the plant came from a
local seam assaying approximately 60 gallons per ton
and ranging between five and six feet thick. Also in
the area was a thin seam of high grade torbanite,
assaying from 233 to 237 gallons per ton, with one to
two percent ash. These sources were also supple
mented by the purchase of additional torbanite
assaying 120-180 gallons per ton mined near Mudgee.
Based on the low cost and high recovery effici
ency of the N-T-U retort constructed by the USBM
in the 1920's, a similar retort was chosen for use at
the Marangaroo facility. The first retort, construct
ed in 1941, was ten feet in diameter, 24 feet high,
and lined with nine inches of firebrick. The capacity
was approximately 35 tons. Near the end of 1942,
two additional retorts of similar design were con
structed at the site. The three retorts were erected
in line over a common pit, into which the spent shale
was discharged. While it was possible to operate all
three retorts at the same time, this was seldom done
due to the lack of adequate shale feed. A full cycle
of operation, from ignition to shale discharge,
usually required 28-35 hours under normal condi
tions. Even at this relatively low processing rate,
nearly two million gallons of crude shale oil were
produced during 1944 and 1945.
In 1943, a series of tests conducted to determine
the efficiency of the N-T-U retorts showed that the
recovery ranged between 81 and 87.5 percent of
Gray-Krug Assay, the assaying procedure used in
Australia at that time. It was later suggested that
had the tests been conducted with more attention to
detail, the recovery would likely have been in excess
of 90 percent.
The USBM, at the Laramie Energy Research
Center (LERC), began investigating in situ retorting
in the 1960's using a 4.5-foot diameter, ten-ton
N-T-
U retort. The retort was originally located at the
Center's station in Laramie, Wyoming but was later
moved to a site just north of Laramie. At the same
site, construction of a 150-ton N-T-U batch retort
was begun in 1968. This retort had an internal
diameter of 6.25 feet and a vessel length of 45 feet.
The first run in the 150-ton unit was conducted in
mid-1969. Since that time, the retort has been used
extensively to investigate many of the parameters
involved in in situ retorting.
Description
The N-T-U process is a batch, internal combus
tion method of retorting. In this context, "internal
combustion"
means that a fire is maintained on some
of the shale particles to produce the heat required
for retorting. Figure 57 is a flow diagram of the
process. The retort is first charged with crushed oil
shale (1/4-ineh to 4 inch) and a fire is initiated at
the top of the shale bed. In the earlier N-T-U
retorts this was done using oil-soaked kindling wood,
but later units used a natural gas burner. Com
bustion is maintained by a flow of air from the top
PRODUCTS OF COM8USTI0N
Figure 57. Flow Diagram of the N-T-U Process
of the retort. As the oil shale burns, it heats
underlying zones of shale, thus pyrolyzing the
kerogen and yielding shale oil vapors. These vapors,
along with the products of combustion produced
above, pass down through the shale bed and are
extracted through the bottom of the retort. Some
of this product gas is sometimes recycled and mixed
with the combustion air in order to modulate
temperatures and provide some of the fuel require
ment.
Because the retorting zone precedes the combus
tion zone through the shale bed, the fuel for the
combustion is not valuable raw oil shale, but rather
the residual carbon left after retorting. This
utilization of the residual carbon leads to a high
overall energy efficiency of the N-T-U process.
After the entire shale bed has been retorted and the
firefront reaches the bottom of the retort, the plant
is shut down and the spent shale is dumped fom the
bottom of the retort. Figure 58 shows this opera
tion.
The primary operational problems encountered
with the retorts operated by the USBM in 1946-47
were the plugging of unheated shale oil lines and the
coking of downstream equipment. These problems
were largely alleviated by the heating of various
process lines and the modification of some operating
procedures. Investigations of process parameters
revealed that there are four independent variables
which affect operations of the N-T-U retort. They
are air flow rate, recycle gas flow rate, shale grade,
and particle size. Using shale having a particle size
range of 1/2 to 3-1/2 inches, the oil recovery ranged
from 80 percent of Fischer Assay for
30-gallon-per-
ton shale to 87.5 percent Fischer Assay for
50-
gallon-per-ton shale. The properties of the crude




Figure 58. One 40-ton N-T-U Retort Discharging Approximately
28 Tons of Ash
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Table 45




Pour Point, F 90
Viscosity, S.U.S. (3 130F 130
Viscosity, S.U.S. @ 210F 48.4
Conradson carbon residue, wt. % 4.5
Ash, wt. % .02
Carbon, wt. % 84.61
Hydrogen, wt. % 11.40
C:H ratio 7.42
Sulfur, wt. % 0.79
Nitrogen, wt. % 2.10
Oxygen, wt. % 1.10
Figure 59 is a diagram of the 150-ton N-T-U
retort located at the LERC site just north of
Laramie, Wyoming. The retort design varies from
that of the earlier model in that the refractory
lining is somewhat different, the overall shape is
slightly modified, the hinged lower head is redesign
ed, and the air injection method is more sophisticat
ed. As previously noted, the newer design also
allows for natural gas ignition of the shale.
During its investigation of in situ retorting
technology using the 10-ton and 150-ton N-T-U
retorts, LERC has studied the retorting characteris
tics of large, ungraded fragments of oil shale, such
as would be produced by the underground detonation
of a nuclear explosive. Individual shale fragments
weighing as much as 10,000 pounds and measuring
4' x5' x6'
have been retorted satisfactorily in the
150-ton unit. During one run, in which one fragment
weighed 7,500 pounds, 20 percent of the feed was
coarser than 20-inches and 10 percent was smaller
than one-inch, the data shown in Table 46 were
Table 46
Summary Data for Run #2







Avg. air temp, into retort
Recycle gas rate (dry)
Do
Avg. recycle gas temp, into retort
Oxygen content of retorting gas
Space velocity ft
Stack gas rate (dry)
Do
Gas produced in retort (dry)
Do
Max retort differential press
Avg. ambient temp.
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double acting. 5 "rod dia., WP. 3000 psi
-
1000 gal tank on load cells to obtain continuous oil production rate
Sloping deck for discharge of waste material
Figure 59. Diagram of the 150-Ton N-T-U Retort Operated by LERC
71
taken. These data were reported by
Harak.1*8'1*9
Additional data on the retorting of random-sized





A considerable amount of research was conduct
ed on oil shale retorting throughout the world
through the 1920's. For the United States, however,
interest in oil shale as an energy source declined
sharply after that time due to the discovery of large
domestic conventional crude oil reserves. It was not
until World War II imposed tremendous demands on
liquid fuel supplies that another major attempt was
made by the U.S. Government to develop efficient
shale oil recovery processes.
The Synthetic Liquid Fuels Act of April 5, 1944
and its extensions authorized the construction and
operation of demonstration plants to produce syn
thetic liquid fuels from coal, oil shale, and other
materials. A total of $87 million was appropriated
for the Synthetic Liquid Fuels Program, of which
approximately $18 million was spent on the Anvil
Points oil shale project near Rifle, Colorado. As
part of the USBM studies at Anvil Points, two 40-ton
N-T-U retorts were constructed and research began
on small-scale retorts which ultimately led to the
development of the Gas Combustion process.
Previous studies showed that the most efficient
method of direct heat transfer was from a gas
stream to a bed of crushed shale. This concept,
therefore, became a primary requirement for any
new continuous retorting process developed.
Further, it was determined that to reduce the
mechanical complexity of the process, gravity flow
of shale through the retort was desirable. Finally a
decision was made to seek a design featuring a
single vessel utilizing internal combustion to furnish
the necessary heat requirements.
Beginning in 1949, a retort conforming to all of
the above guidelines was designed and con
structed.15
The design was known as the "dual-
flow"
process. The retort was a vertical, cylindri
cal, refractory-lined vessel with an inside diameter
of 20 inches and a height of 12 feet. Later in the
program, a stainless steel vessel replaced the re
fractory-lined unit. The first adaptation of the
process is shown in Figure 60. The data obtained
after extensive operation of the plant led to
significant plant modifications and eventually to a
more advanced retorting system known as the
"countercurrent"
process. A diagram of this process
is shown in Figure 61.
Retorting by the countercurrent method was
found to be more promising than by any of the
previously investigated procedures. Recoveries in
excess of 90 percent of Fischer Assay were obtained













































Figure 61. Diagram of Countercurrent Process
of approximately 200 pounds per hour per square
foot of retort cross sectional area. In spite of this,
the retorting process had many objectionable fea
tures. Due to the close proximity of the combustion
zone to the bottom of the retort, the spent shale
was discharged from the retort at a relatively high
temperature, thus complicating the materials han
dling problems, placing an unnecessary heat load on
the process, and limiting the rate of shale through
put. Changes in the process variables to alleviate
these problems always resulted in poorer product
properties or reduced recovery efficiency. To help
resolve these problems, a series of retort configura
tion changes were made, culminating in the develop
ment of the first Gas Combustion retort, shown in
Figure 62.
Three experimental retorting plants were con
structed at the Anvil Points site, the first of which
was a six-ton-per-day unit. This plant
had a
cylindrical retorting vessel with an
inside diameter
of 20 inches. The unit was operated for 5-1/2 years,
during which time many
modifications were made
both to the retort and the auxiliary equipment.
The second Gas Combustion retort built
at the
site was a 25-ton-per-day unit constructed specifi
cally to serve as a
pilot for the operation of the
larger, engineering-scale





x 48". This cross section was
selected to






























Figure 62. Diagram of First Gas Combustion
Retorting Process
73
engineering-scale plant. The pilot plant operated at
the same rates and used the same shale-handling and
oil-recovery equipment as the larger plant.
The third plant was a 150-ton-per-day facility.
The rectangular retort vessel in this plant was
refractory lined and had interior dimensions of
6'
x
10'. The facility was large enough to provide design
and operating data which could be used to make
sound engineering evaluations for larger scale opera
tions.
Gas Combustion process development work was
halted in July 1955 and the research facilities were
officially placed in a standby status in 1956. On
October 11, 1961, Congress passed Public Law
87-
796 which authorized the Secretary of the Interior
to enter into agreements, leases, or other arrange
ments with companies, institutions, organizations, or
individuals to encourage further oil shale operations
at the Anvil Points facility. Following the evalua
tion of a number of proposals, the Interior Depart
ment decided that the public interest would best be
served by combining and modifying the proposals
submitted by the Colorado School of Mines Research
Foundation (CSMRF) and Mobil Oil Corporation. By
the terms of the lease agreement, the Anvil Points
facility would be leased to CSMRF and thus be made
available to Mobil Oil, Humble Oil and Refining, and
other possible consortium participants. Under this
agreement, CSMRF became the lessor of the facili
ties and furnished administrative and logistic sup
port. Mobil Oil was designated project manager and
entered into a research agreement with Humble.
Through this research agreement, Humble and any
other interested parties contracted with CSMRF to
conduct research and development programs. Soon,
four additional companies, Pan American Petroleum
Corp., Sinclair Research, Inc., Continental Oil Co.,
and Phillips Petroleum Co., joined Mobil and Humble
as participants and shared the costs of operation
with them. In April 1964, the Anvil Points facility
was reactivated, in accordance with the provisions
of the act, by the consortium of six oil companies
and CSMRF. A description of the activities during




Two USBM observers were stationed at the site
in accordance with the lease agreement to inspect
and observe the work and acquire samples and data.
Their data were forwarded to the Laramie Petro
leum Research Center (now Laramie Energy Re
search Center) for evaluation. The information was
subsequently held in confidence for a three-year
period as specified in the agreement.
The research conducted at the plant was divided
into two stages. The first stage consisted of
activating, modifying, and operating both the
six-
and ten-ton-per-day pilot units. The objectives of
the research were to determine the effects of many
operating parameters, including particle size, shale
grade, flow rates, and equipment design. In short,
the goal was to provide information regarding the
operation of the 150-ton-per-day retort to be used in
Stage II. The research and development work
performed during Stage II included a small amount
of additional modification of the six-ton-per-day
unit, further development work on the
25-ton-per-
day retort, and the complete rebuilding of the
150-
ton-per-day unit. A new retort liner was installed in
the large retort and the original recovery system
was replaced with one of different design. The
original crushing, conveying, storage, and sampling
systems were retained and used during Stage II
operations. The modification of the 150-ton-per-day
retort was completed in October, 1966.
During Stage II, 13 runs were made in the
smallest retort, 132 runs were conducted in the
25-
ton-per-day unit, and 132 runs were made in the
large retort. The principal variables tested during
these runs were shale grade, particle size, shale feed
rate, air rate, dilution gas flow rate, recycle gas
rate, and bed height. The plant was officially shut
down on August 25, 1967, and the equipment was
cleaned and placed in a standby condition.
Since the termination of activities in 1967, no
comprehensive large-scale testing of the Gas Com
bustion retorting process has been conducted. The
Paraho retorting process, however, in its
direct-
heated mode, is almost identical to the Gas Combus
tion process, and, therefore, the test results from
the Paraho operation may be viewed as up-to-date
Gas Combustion data. In additiion, the original
Detailed Developent Plan submitted by Rio Blanco
Oil Shale Project for Tract C-a proposed the use of
a combination of TOSCO II and Gas
Combustion/Paraho retorting for Phase II of the
project.
Description
The Gas Combustion retorting process involves
the gravity flow of oil shale through a
refractory-
lined vertical kiln, with the shale feed rate being
controlled by a grate mechanism located at the
bottom of the retort. As the shale progresses
through the retort, it passes through four functional
zones, though there are no physical separations in
the retort and no distinct division exists between the
zones. A simplified flow diagram of the process
showing these zones is provided in Figure 63.
The top zone, into which the +l/4-3-inch shale
fragments enter through a continuous anti-segrega
tion feeder, is called the shale preheating or product
cooling zone. In this stage, heat is transferred from
the rising stream of hot product gas to the incoming
raw shale. Thus, this zone serves two purposes;
first, to cool the product gases below the dew point
of the contained product oil, which then condenses
as a fine mist and is carried out of the top of the
retort; and second, to preheat the incoming shale to
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Figure 33. Gas Combustion Retorting Process
Having passed through the first zone, the pre
heated shale enters the retorting zone, where it is
heated to retorting temperature by hot gases rising
from the combustion zone. As the kerogen contain
ed in the oil shale pyrolyzes, it yields oil (in vapor
form), gas, and a residual carbonaceous product
which adheres to the retorted shale solids. The
vapors are swept upward by the rising flow of hot
gases.
Leaving the retorting zone, the shale fragments
pass into the hottest part of the retort, the
combustion zone. In this zone, a mixture of recycle
gas and air is introduced. The oxygen available from
the injected air supports the combustion of the
carbonaceous residue present on the shale fragments
coming from the retorting
zone. The oxygen present
also supports the combustion of the hydrocarbon
constituents in the injected recycle gas. As shown
in Figure 63, the temperature in the retort at the
combustion zone may reach
1400-1500F. The hot
flue gases produced in the combustion zone rise




The retorted and partially
burned spent shale
fragments then pass into the cooling or heat
recovery zone. This area of the retort essentially
serves as a countercurrent heat exchanger wherein
heat from the hot spent shale is transferred to cool
incoming recycle gas. Like the topmost zone, this
serves a dual purpose; first, to preheat the recycle
gas and thereby reduce the heat load in the
combustion zone; and second, to cool the spent shale
to minimize handling problems and increase thermal
efficiency.
The Gas Combustion retorting process has much
in its favor. It uses a retort vessel which is simple
in design, is easy to operate, and is dependable.
Because of its simplicity, it can be easily scaled up
to large unit capacities. Furthermore, because of
its excellent heat exchange capabilities in the shale
preheating and cooling zones, the overall thermal
efficiency is high relative to other types of vessels
such as rotary kilns, fluidized beds, etc. Because of
the good recovery of sensible heat from the spent
shale and exit gas streams, it is only necessary to
provide 400,000 Btu per ton shale from the combus
tion of carbonaceous residue on the retorted shale
and the hydrocarbon constituents in the recycle gas.
Matzick30
reported rather complete data on all
of the Bureau of Mines Gas Combustion retorting
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tests conducted in the 150-ton-per-day retort. Typi
cal product oil and gas properties are shown in
Tables 47 and 48. A general data summary is shown
in Table 49. A few problems remained unsolved at
the time the Bureau of Mines terminated operations
on the Gas Combustion retorts in 1955. One of the
major difficulties was relatively low oil recovery,
averaging only 85 to 90 percent of Fischer Assay.
This was five to ten percent lower than desired.
Also, the control of oil mist and the design of air-
gas distributors continued to be a problem. At that
time, the inability of the retort to process the minus
1/4-inch fines efficiently was considered to be a
problem, but subsequent development of the
TOSCO II process indicated that the fine material
could be efficiently retorted in that type of process.
Material and energy balances for the Gas Combus
tion process are shown in Tables 50 and 51.
The testing conducted by the six-company group
in the 1960's led to the solution of many of the
previous problems, however, the group seemed un
able to improve on the 85-90 percent Fischer Assay
recovery. The group did, however, manage to
increase throughput to approximately 500 pounds per
hour per square foot of retort area, compared to the
Bureau of
Mines'
200-300 pounds per hour per square
foot. Although several difficulties still existed
following the 1960's work, further refinements made
to the process through the Paraho project have led
to increased confidence that the Gas Combustion




The development of USSR oil shale technology
began in 1920 in Estonia. Research was conducted
for five years, and culminated in the construction of
a 200-ton-per-day retorting facility by the State Oil
Shale Industry. The Pintsch-type retort used in the
plant produced low-Btu town gas and was the
progenitor of the modern-day gas generator known
as the Kiviter retort. This retorting facility,
located at Kohtla-Yarve, was provided with six
separate retorts.
Following this, a second-generation plant was
built in 1936 and a third in 1938. Each of the latter
facilities used cylindrical retorts having throughput
rates of approximately 44 tons per day per genera
tor. Finally, in 1944, a fourth retorting facility was
constructed using retorts of the Pintsch design.
During the 1920's and 1930's yet another retort
ing process was investigated. One tunnel oven was
built by the Oil Shale Syndicate in 1927 and two
others were constructed in 1930 and 1931. Each of
these had a capacity of 250 tons. Two more units,
each having a capacity of 400 tons, were construct
ed in 1936 and 1937. The tunnel kilns were batch-
type processes wherein a train of hopper cars loaded
with oil shale to a depth of about one foot passed
through a steel tunnel several hundred feet long.
Hot gases were passed through the shale beds and
Table 47




Viscosity at 130 F







Vacuum distillation (ASTM D-1160)
















25(1-5) 26(1-2) 26(3-5) 27(1-3) 28(1-4) 28(5-6!
API 20.8 21.2 21.2 21.1 21.1 21.4
F 81 86 85 84 87 35
SSU 96.4 95.6 91.7 92.3 93.9 88.5
SSU 44.1 43.9 43.3 43.2 43.6 43.1
'JF 210 203 207 223 215 195
wt pet 0.64 0.33 0.64 0.47 1.07 1.00
wt pet 1.40 1.30 1.30 1.23 1.28 1.20
wt pet 0.68 0.69 0.68 0.69 0.70 0.62
wt pet 2.13 2.13 2.11 2.13 2.14 2.09
vol pet 0.1 2.5 0.5 0.5 2.4 5.3
F 375 373 363 37C 364 375
F 405 402 394 404 389 393
F 453 445 444 453 440 436
F 500 500 497 504 493 491
F 591 589 588 594 587 583
F 671 670 665 670 667 665
F 746 744 742 743 738 739
F 813 809 807 805 808 809
F 869 866 864 856 866 870
F 923 920 915 912 920 919
F 953 949 941 940 955 951
F 989 985 980 975 988 985
F 1,023 1,022 1,018 1,014 1,022 .,024
F 1.065 1.066 1,066 1,062 1,067 1,064
percent 91 91 91 91 91 91
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Table 48
Product gas properties, evaluation runs on the 150 tpd plant
Test number




















22.7 24.9 25.2 25.3 23.8 23.0
1.9 1.5 1.7 1.8 1.9 1.5
0.3 0.3 0.2 0.3 0.2 0.5
2.8 3.1 2.6 3.0 2.3 1.8
1.9 4.7 4.3 4.8 5.3 4.2
4.3 3.6 3.8 3.6 4.3 4.1
63.0 62.0 62.2 61.2 62.2 64.9
18.1 16.2 17.0 17.8 16.7 14.2
130 111 116 118 130 113
Table 49
General data summary, evaluation runs on the 150 tpd plant
Test number 25(1-5) 26(1-2) 26(3-5) 27(1-3) 28(1-4) 28(5-6)
Length of test hours 120 48 72 72 96 48
Rates and quantities:
Shale size inches 3/8-3 1-2 1-2 4-2 1-2 1-2
Bed height ft <and in 9,11 9,11 9,11 9,11 7,2 7,2
Raw shale rate lb/(hr) (:>q ft) 299 222 299 350 299 300
Air rate std cu ft/ton shale 3,940 4,230 3,910 3,840 4,010 4,290
Dilution gas rate std cu ft/ton shale 2,860 3,800 2,950 3,140 3,100 4,040
Recycle gas rate std cu ft/ton shale 13,340 12,400 12,650 12,660 12,500 10,260
Temperatures:
Product outlet F 162 142 141 143 141 126
Retorted shale out F 376 348 356 345 378 447
Raw shale in F 40 34 32 30 28 25
Recycle gas F 241 247 250 246 224 213
Dilution gas F 83 90 92 92 79 86
Air F 128 129 131 144 110 98
Yields:
Oil vol pet/Fischer assay 82.8 92.3 86.2
86.7 85.1 86.1
Gas std cu ft/ton shale 6,040 6,440 6,000
6,020 6,400 6,090
Retorted shale wt pet of raw shale 81.8 82.9 82.3
82.1 83.3 83.0
Liquid water lb/ton shale 0.2 5.0 0.9
1.1 4.9 11.2
Miscellaneous:
Retort pressure drop in H20/ft bed 0.90
0.37 0.73 1.02 0.58 0.45
Carbonate decomposition wt pet 24.9
24.1 26.9 25.6 23.3 23.6
Table 50
Material Balances, Evaluation Runs on the
150-Ton Retort














lb 2,000 2,000 2,000 2,000 2,000 2,000
lb 986 933 952 946 927 773
lb 211 286 222 235 230 304
lb 302 324 299 294 307 329
lb 3,499 3,543 3,473 3,475 3,564 3,406
lb 1,636 1,658 1,646 1,642 1,666 1,660
lb 185 185 178 183 189 184
lb 1,644 1,705 1,625 1,631 1,609 1,536
lb nil 5 1 1 5 11
lb 3,405 3,553 3,450 3,457 3,469 3,391
percent 99.0 100.3 99.3 99.5 97.3 99.6
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Table 51
Heat Balances, Evaluation Runs on the
150-Ton Retort
Test number
Heat in, Btu/ton raw shale
Net heat of combustion
25(1-5) 26(1-2) 26(3-5) 27(1-3) 28(1-4) 28(5-6)
























6,600 7,700 5,700 6,700 7,900 5,700
68,500 174,200 113,300 120,500 117,300 133,500
33,000 39,600 29,400 34,50 33,800 25,000
290,600 178,700 242,700 212,000 239,300 262,400
398,700 10U.200 391,100 373,700 398,300 426,600
40,900 47,100 51,500 48,300 49,500 52,600
49,500 47,700 49,600 48,600 42,100 32,000
1,300 2,300 1,900 2,000 1,200 2,100
4,900 5,400 5,100 5,900 3,700 3,000
413,500 408,500 396,200 381,900 395,800 411,100
111,500 102,300 104,600 100,200 114,300 140,900
8,500 6,700 6,400 6,800 6,800 5,400
46,100 37,400 35,600 36,800 35,700 27,100
-200 -4,900 -900 -1,100 -4,800 -11,100
107,500 103,600 116,600 110,100 99,800 101,000
22,600 23,000 23,000 23,000 23,000 23,000
117,500 140,400 110,900 106,100 121,000 124,800
413,500 408,500 396,200 381,900 395,800 411,100
gas and oil product recovered. Even though the
process was relatively inefficient, requiring all the
product gas and some of the oil to produce process
heat, tunnel ovens were used until the late 1960's.
Externally heated rotary retorts were also investi
gated in the 1920's and 1930's. These retorts were
the forerunners of the modern Galoter retorts.
By the late 1930's the Estonian oil shale industry
was well developed, with production reaching
800,000 tons in 1938. However, in 1939 Estonia was
occupied by Russia, and although the existing indus
try was not severely hampered, expansion plans were
curtailed. In 1941, Germany invaded Estonia and the
Russians disabled the entire industry as they with
drew to the east. The Germans immediately
developed plans to restore the industry and expand
it. Before they got started, however, Russia
regained the territory in 1944. They apparently
assumed the German plans for expansion, as the next
five-year plan called for 9.4 million tons of produc
tion per year. Although that goal was probably not
reached, one new plant was completed during the
1950's.
During the 1960's, an impressively large research
and development program was conducted to develop
the Kiviter process. Two 1000-ton-per-day demon
stration plants, using both Kiviter and Galoter
technology, were constructed in the early 1970's and
are still being operated. Even larger retorts are now
being designed and may now be under construction.
The Baltic oil shale processed in the Estonian
operation is commonly known as kukersite, and is
among the richest oil shale in the world. The assay
of most kukersite processed by the Soviets exceeds
40 gallons per ton. The two principal uses to date
have been as boiler fuel (direct combustion) and as a
source of combustible, low-Btu town gas primarily
for use in Leningrad.
Description
The Kiviter retorting process features vertical
kiln retorting of oil shale utilizing crosscurrent and
countercurrent flows of heat-carrier gases through a
downward-flowing bed of shale solids. A diagram of
the process is shown in Figure 64. As described by
the recent literature,
1,21t'''25
the heat for pyrolysis
of the oil shale is supplied by both directly injected
recycle gas and the combustion of a second stream




the downward-flowing shale (in 1-inch to 5-inch
fragments) to a temperature such that the organic
constituents are pyrolyzed and are swept upward by
the flow of retorting gases.
The process is said to recover 75 to 80 percent of
Fischer Assay as an oil having a pour point of
approximately 5F and a gross heating value of
17,010 Btu/scf. The gas has a gross heating value of
1,521 Btu per pound. The typical properties of the
crude shale oil produced by the Kiviter process are
shown in Table 52. h2h It should be emphasized,
however, that this oil was produced from Baltic
shales, which vary significantly from U.S. oil shales.
According to Resource Sciences,
l*2't
a material




















Figure 64. Diagram of Kiviter Retorting Process
Table 52
Typical Properties of Crude Shale
Oil Produced in Kiviter Retort
(Baltic Shale Feed)
Density at 68 F, g/cm 1.01
Viscosity at 167 Ft., Engler 4.5
Pour Point, F 5
Coking Value, % 8
Phenols, Wt. % 2.8





















would be as shown in Table 53 and an energy balance
would be as shown in Table 54.
The largest Kiviter retort now in operation has a
capacity of 330-385 tons per day and a
1,100-ton-
per-day unit is under construction. By U.S. stand
ards, however, even this larger retort is not of a
commercial size, and thus there will be significant
scaleup required for the Soviet technology, should it
be deemed applicable for a U.S. industry. Further
more, the Kiviter retort appears to resemble closely
the well-developed vertical kiln retort which has
been extensively tested by the U.S. government and
private firms. The Gas Combustion, Paraho, Petro
six, and Union retorting techniques all employ
similar designs. Although the USSR does have much
operating hardware and much experience with Baltic
shales, insufficient testing has been conducted on
the U.S. oil shales to permit comparisons with U.S.
processes.
The Resource Sciences Corporation (RSC) of
Tulsa has made arrangements with the Soviet agency
v/o Licensintorg to make available for license in the
United States current USSR oil shale retorting
technology. This is in addition to the licensing of
Russian in situ coal gasification which RSC began in
1975. It is the intent of RSC to offer a flexible
licensing program, confer with interested com
panies, and tailor a package which would be handled
in the conventional United States business manner.
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Table 53 PETROSIX PROCESS
Overall Material Balances
Kiviter Processes
































The Petrosix retorting process was developed
especially for use in processing Irati oil shale in
Brazil. The name, Petrosix, is derived from Petro-
bras-S.I.X., which in turn is derived from Petroleo
Brasileiro-Superintendencia da Industrializacao do
Xisto (Brazilian Petroleum Company-Superinten-
dency for Industrialization of Shale). The major
Brazilian effort to develop oil shale began in the
mid-1940's when extensive studies were conducted
by the National Petroleum Council to examine the
possibility of installing a facility to produce approxi
mately 10,000 barrels of oil per day from the
Paraiba Valley oil shale deposit. A review of
available technology revealed that no process was
directly applicable to this shale and thus the
commercial program was dropped in favor of a
retort-demonstration program.
A pilot plant was constructed in the early 1950's
in the Paraiba Valley by Foster Wheeler Corpora
tion. At the time the facility was being completed,
Petrobras also retained Cameron and Jones, Inc.
(now Cameron Engineers, Inc.) as consultants in oil
shale technology. Although the study of the Paraiba
Valley shale had the highest priority at the time,
additional information on the superior properties of
the abundant Irati oil shales further to the south led
to a simultaneous study of the potential processing




Basis: One Short Ton (2000 lbs.) of Wet Colorado Oil Shale
Input
Shale: 2000 lb . x 3154 Btu/lb. 6,308,000 Btu
Steam: 100 lb . x 1152 Btu/lb. 115,200




Shale Oil: 216 lb x 17,010 Btu 3,674,200
Gas; 672 lb x 1521 Btu/lb = 1,022,100
Process Water: 320 lb x 0 Btu/lb 0 Btu
Spent Shale and Heat Losses: 1,737,700
Total Heat Out 6,434,000 Btu





veloped by the Petrobras engineering staff. In
addition, the inherent advantages of the Irati oil
shale, having a Fischer Assay value of approximately
23 gallons per ton, soon shifted the emphasis from
the Paraiba to Irati deposits.
The detailed Irati oil shale development program
of Petrobras consisted of preparing economic evalu
ations and extensive studies on improvements to
retorting technology and on mechanical design im
provements to vertical kiln technology. The pres
sing need for oil, plus favorable results of the
various studies and evaluations, precipitated the
construction of a demonstration plant. As well as
assisting Petrobras in their program, Cameron and
Jones was awarded a contract in 1965 to design the
retorting and oil recovery facilities for a plant
capable of processing about 2,200 tons of oil shale
per day. The single demonstration retort at the
plant is cylindrical, with a diameter of 18 feet.
The demonstration unit was first successfully
operated in mid-1972 and testing is still continuing.
Figure 65 shows this plant. In 1975 a U.S. patent1*27
was awarded to Petrobras for the Petrosix tech
nology. A 43,000-barrel-per-day commercial facil
ity is now contemplated by Brazil's Mines and
Energy Ministry. A 36-foot inside diameter retort is
being designed for this facility, to be constructed
about five miles from the existing demonstration
plant.
Description
The Petrosix retorting process is one in which
heated recycle gas is injected into the bed of shale
to provide the heat necessary for retorting. The
process closely resembles the indirect-heated mode
of the Paraho process, now being investigated at
Anvil Points, Colorado. A diagram of the Petrosix
process is shown in Figure 66. Crushed oil shale,
with particles up to six inches in one dimension,
enters the retort through an anti-segregation feeder
and flows downward through the various zones of
drying, heating, retorting, and cooling. In the
Brazilian demonstration plant, the retorted shale
solids are pumped in a slurry form to a disposal
pond, but a commercial facility would likely include
a separate process to use the heating value of the
residual carbon on the surface of the spent shale.
In the uppermost zone of the retort, the entering
raw shale is contacted with hot gases rising from the
lower zones. These gases are composed of recycle
gas injected in the lower portions and products of
pyrolysis evolved in the retorting zone. In this zone,
some of the heat from the gases is transferred to
the cool shale feed. This serves the function of
preheating the shale feed,
and in the case of
Brazilian oil shale with a free moisture content of
33 to 35 percent, it serves as a drying stage.
The descending shale solids
are further heated in
the heating zone and then enter the retorting zone.
Here, the shale is contacted with hot recycle gas
which has been heated in a separate furnace. The
fuel for this furnace could be from any number of
sources; process off-gas, residual carbon on spent
shale, heavy ends from a subsequent fractionation
step, etc. Because the heat for retorting is supplied
from an external furnace, the temperature within
the retort itself may be accurately controlled. The
pyrolysis products evolved in the retorting zone are
swept upward by the flow of gases and are recovered
from the top of the retort.
Passing into the cooling zone, the shale is
contacted by a second stream of recycled product
gas, this one unheated. This recycle gas serves to
cool the spent shale, thus increasing the overall
thermal efficiency of the process.
Relatively little operating data are available
from Petrobras regarding the demonstration unit in
Brazil, however, the properties of the raw shale oil
produced from Irati oil shale are shown in Table 55,
after
Bruni.58
The recovery efficiency of the
process would likely be in excess of 90 percent of
Fischer Assay, similar to that reported from other
indirectly-heated retorting processes. With an input
of 2,000 tons of raw shale per day, the plant would
yield 1,000 barrels per day of shale oil, 1.28 million
standard cubic feet of fuel gas, and 14 tons of




Lurgi was one of the first engineering companies
engaged in the retorting of oil shale. In 1938, two
tunnel kilns were constructed to process 800 tons
per day of oil chalk in the north of Germany. Two
additional kilns were put on stream following World
War II. Also in the 1940's, Lurgi developed a low-
temperature carbonization process and used the
technique in at least one large retorting facility. A
brief description of this research can be found in
Schmalfeld. h2e
Subsequent research was directed toward utili
zing the residual carbon on the retorted shale,
improving gas distribution through the shale by using
finer feed, and increasing the heating value of the
product gas. A carbonizer employing the internal
combustion of retorted shale was constructed in
1958 in Zaire for the retorting of 400 tons of oil
shale per day.
Yet another retorting process was developed in
1939 for the treatment of low grade oil shale in
Wurttemberg, West Germany. This process closely
resembled the N-T-U process, and involved filling a
batch retort with shale, passing air through the bed
from the top, and allowing a firefront to proceed
through the shale bed, retorting the oil shale ahead
81





































Figure 66. Flow Diagram of Petrosix Retorting Process
Table 55




















Viscosity at 100 F,
centistokes 20.76
of it. During World War II, Lurgi also investigated in
situ recovery. The attempts at using horizontal
parallel adits with a subsequent burn between them
proved unsuccessful and this approach was halted.
Also studied was the idea of retorting large piles of
crushed shale. Economics and the lack of control
over the process caused research in this area to be
discontinued.
The initial attempts to develop a continuous
retorting process included circulating and oscillating
grate concepts. Two pilot plants and one small
commercial facility were constructed using the
latter technique. During the 1950's, Lurgi de
veloped, in cooperation with Rohrbach, the Rohr-
bach-Lurgi process in which oil shale was retorted in
a fluidized bed. The combustion of retorted shale
was used to generate steam and electric power.
This process was applied in two plants in 1960,
processing a total of 720 tons per day and producing
6,000 Kw. These plants are still in service.
Also in the 1950's, Lurgi developed a process for
the devolatilization of coal fines for the production
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of high-Btu gas. This technique was developed in
conjunction with Ruhrgas AG and hence was termed
the Lurgi-Ruhrgas process. In the first of these
plants, solid heat-carriers were mixed with the coal
fines in a rotary drum, however, this process was
subsequently deemed uneconomic due to the cost
and energy required to circulate the heat-carriers.
The process was then modified to use the char
product as the heat-carrying medium.
The new Lurgi-Ruhrgas process was first tested
in a five- to ten-ton-per-day pilot plant in Herten,
devolatilizing a variety of coals and cracking a
range of hydrocarbons. The process was used
commercially in Yugoslavia, Germany, England,
Japan, and Argentina. Because the technique had
proved successful on such a wide range of feed
stocks, it was a logical process to examine for the
treatment of oil shale. Finding it successful for that
application, Lurgi has also demonstrated its appli
cability on oil sands and other oil-bearing minerals.
Description
tuents are pyrolyzed during the mixing which occurs
in this device. Upon leaving the screw conveyor, the
effluents are separated into solid and gaseous
components in a collection bin. A portion of the
spent solids is recycled to a lift pipe and the
remainder is discarded. In the lift pipe, the hot
spent shale is contacted with air at approximately
750F, raising the material pneumatically, and
simultaneously burning the carbon residue on the
shale surface. The combustion gases and hot spent
shale are separated at about 1200F in a collecting
bin and the solids are mixed again with incoming oil
shale in the screw conveyor. Between six and eight
pounds of heat-carrying solids are circulated and
mixed with each pound of raw oil shale.
Since no air is injected into the retorting area,
the gas product from the process has a high heating
value. Furthermore, the oil yield from the process
typically ranges between 95 and 110 percent of
Fischer Assay. Since the residual carbon on the
spent shale is mostly utilized in the process, the
overall thermal efficiency is quite high.
The Lurgi-Ruhrgas process features the use of
heat-carrier solids of small particle size, such as
sand grains or spent shale solids derived from the
retorting process. Figure 67 is a simplified diagram






The hot solids are
mixed with finely crushed (-1/4 inch) raw oil shale in
a sealed screw-type conveyor. The organic consti-
There have been no actual operating data re
leased from the pilot plant, but Lurgi has produced
some estimates based on past operation. Table
561*29
illustrates an overall material balance for the retort



















L AIR + FUEL
(If Required)
Figure 67. Lurgi-Ruhrgas Retorting Process
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Table 56
Material Balance for Lurgi-Ruhrgas Process
Table 58
Typical Shale Oil Analysis from
Lurgi-Ruhrgas Process
Oil Shale (0.5% moisture) 1,000 Kg




API 16.5 41.9 70.9
Carbon in Flue Gas 37.8 Ultimate Analysis
Heavy Oi 1 30.7 C wt % 85.6 85.5 84.2
Oust removal from heavy oil 24.9 H wt % 10.7 12.5 13.2
Middle oil 86.8 S wt % 1.0 0.7
Naphtha 13.2 N wt % 1.5 0.5




Hourly Material Flows Through a Lurgi-Ruhrgas


















which might be expected from a 50,000
BPD Lurgi-
Ruhrgas retort section using
30-gallon-per-ton oil
shale. Table 58 shows a typical shale
oil analysis
from a Lurgi-Ruhrgas retort.
TOSCO II PROCESS
History
Tosco Corporation (formerly The Oil Shale
Corporation) developed the
TOSCO II process as a
refinement of the Aspeco process,
named after
Aspegren a Swedish
inventor who had not reduced
his
invention*30
to practice. Beginning in 1955,
Tosco contracted
development work to the Denver
Research Institute.
These efforts led to the
construction of a 25-ton-per-day pilot plant in 1957.
This plant, originally constructed in Denver, is
now
located at the company's Research Center in Gol
den, Colorado.
These early investigations involved both counter
and parallel flow of heat transfer solids and shale,
fluidized-bed combustion of spent shale, various
retort gas scrubbing processes, ball heating proces
ses, and raw oil shale preheating processes. Several
patents'*31
on these processes were acquired by
TOSCO as this testing progressed.
In 1964, Tosco joined with Sohio and Cleveland
Cliffs Iron Company to form the "Oil Shale Ven
ture". The official name of the group was later
changed to Colony Development Company. As a
result of the successful operation of the small pilot
plant and favorable cost estimates, the group con
structed a 1,000-ton-per-day semi-works plant in
1965. The plant was built on private property 17
miles north of Grand Valley, Colorado. Figure 68
shows this plant. Field operations were conducted
for the next two years to demonstrate the
oper-
ability of the semi-works plant, and in 1968 a design
study was completed for a 66,000 ton-per-day
commercial-size complex. This facility would use
six 11,000-ton-per-day TOSCO II retort modules.
The design study confirmed the commercial viability
of the TOSCO II process.
Atlantic Richfield joined the Colony Develop
ment Company in 1969, the same year a second
semiworks program was initiated. The name was
then changed to Colony Development Operation.
The semi-works program was designed to study
scaleup procedures and test environmental protec
tion equipment required by newly enacted federal
laws. The semi-works plant was modified and tested
from 1969 until April, 1972. During the entire
1965-
1972 period, approximately 220,000 tons of oil shale
were retorted, yielding approximately 180,000 bar
rels of crude shale oil.
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Figure 68. Photograph of TOSCO II Retorting Plant
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The cost estimate for the commercial-size facil
ity was updated in 1974, following evaluation of
complete data from the semi-works plant. Also in
1974, the Colony partners announced that the
project was being shelved indefinitely due to econo
mic uncertainty and the lack of a federal energy
policy. During the same year, the group was
reorganized to include Atlantic Richfield, TOSCO,
Shell Oil, and Ashland Oil. In late 1976, Shell
withdrew from the group and in early 1977 Ashland
did likewise, leaving the current participants, Tosco
and Atlantic Richfield.
The TOSCO II process was suggested for use in
the Preliminary and Detailed Development Plans for
federal lease Tract C-b. At the time these plans
were submitted, Tosco was a member of the Colony
group which leased the tract. However, in Decem
ber 1975 the firm withdrew from the group and the
original plans were eventually modified to include
Occidental Petroleum's in situ process rather than
the TOSCO II process.
At the present, the TOSCO II process is being
considered only for the suspended Colony operation
and the Tosco Sand Wash project in Utah, the
commercial phase for Tract C-a, and in conjunction
with a Paraho retort at Tract U-a/U-b.
Description
The basic TOSCO II retorting process configura
tion is shown in Figure 69. The process has been
described in detail by Whitcombe.
lf32
Raw oil shale,
crushed to minus 1/2-inch, is mixed with hot
ceramic balls in a pyrolysis drum. In the semi-works
plant this drum is eight feet in diameter and
approximately 15 feet long. The 3/4-inch diameter
balls enter the drum at approximately 1200F,
having been heated in a separate vessel. The heated
balls are charged into the drum to mix with the
incoming preheated (500F) shale in the proportion
of about two tons of balls for every one ton of shale.
As the pyrolysis drum rotates, the balls come into
contact with the oil shale, heating the shale to
approximately 900F.
The shale oil vapors evolved during pyrolysis, the
spent shale, and the ceramic balls exit together and
are separated in the accumulator vessel. The shale
oil vapor is quenched and then fractionated using
conventional hydrocarbon fractionation equipment.
The gas resulting after the fractionation step is
recycled to the ball heater. The ceramic balls and
the crushed oil shale are separated by a trommel,
which is a heavy-duty rotating cylinder with numer
ous holes punched in the shell. The trommel
operates within the sealed accumulator vessel. The
balls are lifted by a bucket elevator to the gas-fired
ball heater, which is a direct-contact heat ex
changer designed to heat the balls to about 1270F.
The spent shale leaving the pyrolysis drum goes
through a special heat exchanger to cool the shale
and produce steam for plant use. The spent shale is
also quenches with water and moisturized to ap










Figure 69. TOSCO II Retorting Process
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Table 59
Inspection Data for TOSCO
Crude Shale Oil
II
Gravity , API 21.2
Pour Po int, F
25*
Nitrogen, wt. % 1.9
Oxygen
, wt. % 0.8
Sulfur, wt. % 0.9
Carbon, wt. % 85.1






5 Vol. % at 200
10 Vol. % at 275
20 Vol. % at 410
30 Vol. % at 500
40 Vol. % at 620
60 Vol. % at 775
70 Vol. % at 850
80 Vol. % at 920
90 Vol. % at




tions described by U.S. Patent No.
3,284,336.
Hot flue gas from the ball heater is used to lift
raw shale to a point at which it can subsequently
flow by gravity into the pyrolysis drum. In so doing,
the flue gas also preheats the raw shale to approxi
mately 500F.
Extensive testing of the TOSCO II process has
shown that it consistently produces over 100 percent
of Fischer Assay. One seven-day run of the
semi-
works plant showed that 107.6 volume percent of
Fischer Assay was produced. Inspection data for
TOSCO II crude shale oil is shown in Table 59.
The development plan for Tract C-a called for an
initial modular TOSCO II unit in the early tract
development stages. The basic material balance for
the unit is given in Table 60.
SUPERIOR OIL PROCESS
History
The Superior Oil Company holds 7,000 acres of
mineral fee land on the northern edge of the
Piceance Creek basin in Colorado. In this area, the




bicarbonate (NaHC03). The oil shale also contains
significant quantities of dawsonite, which can be
decomposed to yield aluminum oxide (A1203) and
soda ash (Na2C03 ). In addition to the oil which can
be recovered, each of the above products has a
market of its own. Because of this fortunate natural
Table 60
Basic Material Balance for a
















occurrence, the development of Superior's oil shale
retorting technology has been based around the
recovery of the sodium and alumina values as well as
the oil from the shale.
The Superior retorting process involves a travel
ing grate enclosed in a large, circular,
doughnut-
shaped tunnel. The final design was the result of
patented process improvements made by Superior to
a mechanical traveling-grate process that has been
used for many years to sinter iron ore fines and to
oxidize sulfide ores of lead and zinc. The process
was selected primarily because of its proved
oper-
ability in the metallurgical industry and because it
provides for relatively good temperature control.
The latter feature is important because if the shale
is exposed to excessively high temperatures, the
aluminum compounds which are to be recovered will
be rendered insoluble, thus complicating their ex
traction.
Although much work




plans were to construct
followed by a nominal
mineral processing plant.
was conducted prior to
that year that Superior
to design and construct
Colorado to recover oil,




Since 1972, Superior's efforts have been directed
toward development of individual recovery processes
for each of the products. A small fixed-bed retort
has been operated in Denver, and during the first
quarter of 1977 a 250-ton-per-day pilot plant was
brought on stream in Cleveland, Ohio. Small-scale
pilot plants have also been constructed to study the
recovery of soda ash and alumina. A large share of
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Superior's efforts also went into a comprehensive
study of nahcolite as a sulfur dioxide absorbent for
flue gas cleanup applications.
Full-scale commercial development of the Supe
rior multi-mineral process has been inhibited largely
because of delays in receiving a positive ruling on a
proposed land exchange. While the acreage and
reserves held by Superior are adequate to support a
commercial operation, the geographic distribution of
the land is not applicable to efficient recovery.
Therefore, Superior has proposed to trade a portion
of their land for some land owned by the U.S.
government. If this arrangement is deemed accept
able to the government, Superior would then have a
contiguous block which could be mined efficiently.
Description
The retorting process which The Superior
Oil
Company proposes to use in its multi-mineral ex
traction facility features a circular traveling grate
retort. The design features of the process are shown





In the process, a layer of crushed and




This grate is designed so gases can flow
through both it and the shale bed. The grate is also
Figure 70. Conceptual View of Superior Retort










Figure 72. Functional Design of Superior Retort
segmented so it can traverse the circular route
through the doughnut-shaped retorting chamber. As
the shale passes through the
"tunnel,"
it encounters
separate zones in which it is heated, retorted,
cooled, and dumped.
The hot gases which pass through the shale in the
retorting zone are heated externally; however, no
public information is yet available on whether these
gases are hot recycle gases or products of combus
tion from burned product gas. In one zone of the
retort, some of the residual carbon on the spent
shale is burned off. Evidently, Superior plans to
recover as much of the energy in this carbon as
possible without running the risk of overheating the
aluminum compounds present in the shale.
GALOTER PROCESS (U.S.S.R.)
History
The development of USSR oil shale technology
began in Estonia in 1920. Following several years of
research, a 200-ton-per-day retorting facility, using
six Pintsch retorts, was constructed near
Kohtla-
Yarve. The plant processed Baltic shale (kukersite),
which was used primarily as a source of town gas for
Leningrad and as a direct combustion boiler fuel.
This retorting technology, which eventually led to
the development of the Kiviter retort, was used in
four separate retorting facilities constructed prior
to 1945.
Also during the 1920's and 1930's tunnel ovens
were used extensively for retorting operations. In
these units, trains of hopper cars full of shale were
pulled through a long steel tunnel in which hot gases
contacted the shale, driving off pyrolysis products,
which were subsequently collected. Despite the low
efficiency of this process, some tunnel ovens were
still in use until the late 1960's.
The work which led directly to the development
of the Galoter process also began in the 1920's. In
the latter part of that decade, the New Consolidated
Gold Fields Company conducted a research and
development program and constructed a pilot plant
in England. In 1931, the firm built a plant
containing eight externally heated rotary retorts
with a combined capacity of 200 tons per day. This
process, known as the Davidson rotary retort, was
the true forerunner of the modern Galoter retort.
By comparison, the process was similar to the
TOSCO II retorting process in that it employed
indirect heating of oil shale. The external combus
tion of spent shale carbon residue was the source of
retort heat.
Since 1945, the Galoter process has been de




tics. While the Kiviter process can treat shale feed
ranging in size between one and five inches and can
accept no fines, the Galoter process can only treat
fines up to one inch in diameter. When used
simultaneously in a retorting facility, therefore, the
processes allow for full resource utilization.
A large research and development program was
conducted in the 1960's to further develop both the
Kiviter and Galoter processes. Two large demon
stration plants processing 1,000 tons per day were
constructed in the early 1970's and are still being
operated. Even larger retorts are being designed
and may now be under construction.
The Resource Sciences Corporation (RSC) of
Tulsa began licensing Soviet oil shale retorting
technology in the United States in 1975. RSC also
licenses Russian in situ coal gasification technology.
It is the intent of RSC to offer a flexible licensing
program, confer with interested companies, and
tailor a package which would be handled in the
conventional U.S. business manner. No public
details concerning licensing costs or arrangements
are yet available.
Description
The Galoter retorting process is an
indirect-
heated process resembling both the TOSCO II and
Lurgi-Ruhrgas processes. Descriptions of the pro





A diagram of the Galoter pro
cess is shown in Figure 73. Dried oil shale, crushed
to less than one inch in diameter, is first mixed with
a heat-carrying medium and then injected into a
rotating reactor (similar to the TOSCO II process).
The heat-carrying medium for the Galoter process is
hot spent shale solids recycled from the retort
(similar to the Lurgi-Ruhrgas process). In the
reactor, the raw oil shale is heated to approximately
960F, the organic constituents are pyrolyzed, and
the products evolved are recovered and condensed.
The hot spent shale leaving the reactor is contacted
with air and the residual carbon left on the surface






















Figure 73. Diagram of Galoter Retorting Process
combustion zone, having been heated to approxi
mately 1470F, is reinjected into the reactor with
fresh raw shale, while the remainder is passed
through a heat exchanger to recover the heat energy
and then sent to disposal.
The Galoter process, because it handles shale
feed of a size range which cannot be used in the
Kiviter process, is logically suggested to be used at
a retorting facility in conjunction with Kiviter
retorts. The Galoter process is said to recover
approximately 85-90 percent of Fischer Assay as an
oil product having properties shown in Table 61.
1*2'*
These properties are similar to those of the oil
produced by the Kiviter Baltic shales, not U.S. oil
shale, and the two have significantly different
properties.
Because the Galoter process provides for no
combustion within the reactor vessel, no nitrogen
dilution of the product gas occurs. Hence, the
heating value of the gas is approximately
1,000-
1,300 Btu/scf. Compared to the Kiviter process, the
Galoter process has lower electricity and steam
requirements and produces a higher-quality,
sulfur-
free gas product. An overall material balance for
the process using Colorado oil shale is shown in
Table 62.
lt2't
Based on past operating experience, a retort with
a capacity of 3,300 tons per day has been designed.
Now in the planning stage is the construction of a
processing complex, using four of the
larger Galoter
retorts, with a combined capacity of 13,000 tons per
day. The first two Galoter units of this complex are
expected to be operational during 1978. It should be
emphasized, however, that in spite of the operating
experience gained in Baltic shale, much future
testing of the Galoter
process is in order before
comparisons to well known U.S. processes can be
made.
Table 61







Viscosity at 167 F, Engler 4.5
Pour Point, F 5
Coking Value, % 8
Phenols, Wt., % 28
Calorific Value, Gross, Btu/lb. 17,010
Distillation, Vol. %:





































pressures up to 5540 psig. Pilot unit tests were
conducted successfully in reactors of the
moving-
bed and free-fall types. A maximum of approxi
mately 65 percent of the organic carbon in the oil
shale was gasified, primarily to methane and ethane.
About 15 percent of the organic carbon was convert
ed to light aromatics and another 15 percent was
converted to coke. Feldman reported on this
comprehensive program and additional data on the




Another version of the hydrogasification process
was patented by IGT in 1972.
"36
This process was
said to be capable of producing a gas product having
a heating value of 900-1100 Btu/scf. The process
was also self-sufficient in hydrogen. In this techni
que, oil shale was first retorted in a conventional
manner and the resulting shale oil was subsequently
hydrogasified in a fluidized-bed reactor at
1100-
1600F and 500-2000 psig. The spent shale from the
retort, shale fines from the crushing operation, and
coke from the hydrogasifier were gasified by steam
and oxygen to yield a synthetic gas. This gas was
converted to produce hydrogen, which in turn was
used in the hydrogasifier.
During recent years, IGT, in conjunction with the
American Gas Association (AGA), developed yet
another hydrogasification process which can produce
either high-Btu gas or middle-distillate oils, depend
ing on the operating conditions. The process has
been demonstrated on equipment ranging in size
from a four-inch diameter laboratory unit using only
a few grams of oil shale to a process development
unit (PDU) with a capacity of one ton per hour.
HYDROGEN RETORTING
Institute of Gas Technology
Most of the research conducted to date on oil
shale has been concerned with the the production of
liquid shale oil. The Institute of Gas Technology
(IGT), however, has for some time been investigating
methods of gasifying the organic matter contained
in oil shale to produce pipeline-quality gas. Their
research efforts actually began in 1953 but it was
not until 1959 that a comprehensive program was
begun.
The process of hydrogasification involves the
direct conversion of organic matter to methane,
propane, and other natural gas hydrocarbons by
exposing the organics to high pressures and tempera
tures in a hydrogen atmosphere. This process thus
replaces the steps of retorting oil shale and sub
sequently hydrogenating the shale oil when the
desired end product is a high-Btu gas.
During the five-year program, begun in 1959, the
gasification of Colorado oil shale was accomplished
in both hydrogen and synthesis gas atmospheres at
temperatures ranging from 975F to 1400F and at
The PDU has been in operation since Septem
ber 1976 and has processed both Green River and
Eastern Devonian oil shales. A schematic of the
process is shown in Figure 74. Two adiabatic
reactors are used in the process, the first for shale
prehydrogenation and the second for shale hydrogas
ification. The reaction zones in each of the reactors
is approximately 12 inches in diameter and can
accommodate up to ten feet of bed. The existing
screw feed mechanism can handle shale particles up
to 1/2-inch in diameter. Details of the process have
been reported by
Schora.1*37'1*38
One of the most important advantages of the
process is claimed to be its applicability to the
processing of Eastern shales. Due to the different
nature of the kerogen constituent in Eastern shales,
they produce much less product oil from a Fischer
Assay process than does Green River shale, even
though the organic contents of the shales are
roughly the same. The IGT hydrogasification pro
cess makes it possible to recover at least 90 percent
of the kerogen in Eastern shale, rather than the 35
percent recovered by conventional retorting proces
ses. Some results of the processing of both Western












Figure 74. Diagram of IGT Shale Gasification Process
Table 63
Results Obtained With Western and Eastern Shales In A
4-Inch-Diameter Bench-Scale Unit
(Reactor Pressure = 500 psig)
Shale type Western Easter l
Test Results
Maximum reaction zone temp. F 1391 1483 1484




Conversion of organic carbon, %
To carbon in gaseous hydrocarbons 14.8 28.0
44.4
To carbon in liquid hydrocarbons 82.3 51.3 24.6
To organic carbon in shale residue 7.2 16.3
19.7
Totals 104.3 95.6 88.7
Product oil properties
Ultimate analysis, wt. % (dry and solids-free basis)
84.11 85.60 85.84
Hydrogen 11.64 9.60 7.86
Sulfur 0.50 1.65 2.58
Nitrogen 1.71 1.90 2.25
Ash 0.00 0.08 0.00
C/GH weight ratio 7.25 8.92 10.92
API 24.0 13.2 8.3
Distillation, F
Initial boiling point 234 154 156
Endpoint 764 750 696
Recovery, %
8a 79 78
Shale properties Colorado Kentucky-New Albany
Shale type
Sample Feed kes due Feed Residue Feed Residue
Ultimate analysis (dry), wt. %
Organic carbon 10 64 1 18 13.59 2.64 13.45 3.25
Mineral carbon 4 yi 2 10 0.32 0.10 0.27 0.14
Hydrogen 1 6b U 13 1.58 0.11 1.62 0.17
Nitrogen 0 32 O 50 0.46 0.02 0.57 0.13
Oxygen 13 BO 5 19 1.25 0.00 1.51 0.00
Sulfur 0 4/ 0 2b 5.73 3.38 5.57 3.78
Ash 68 20 91 40 77.07 93,75 77.01 92.53














Figure 75. Diagram of Texaco Catalytic Hydrotorting Process
Make-up


















Figure 76. Diagram of Texaco Non-Catalytic Hydrotorting Process
IGT and AGA are designing a variation to the
hydrogasification process just described. This varia
tion would involve a zoned reactor rather than two
separate vessels. The top two zones of the reactor
would serve the prehydrogenation and hydrogasifica
tion purposes and a lower zone would be a cooling
area in which the sensible heat of the spent shale
could be recovered by cool hydrogen. Tests show
that this process, too, could be operated to produce
mostly high-Btu gas or middle-distillate oils.
Texaco
Beginning in the 1960's, Texaco, Inc. conducted a
series of bench-scale investigations dealing with the
retorting of finely-crushed oil shale under high
pressure in the presence of hot hydrogen. The
process which evolved from these studies is known
as
"Hydrotorting."
The laboratory studies were
conducted using two types of equipment. One series
was run in a retort constructed of a six-inch pipe 12
feet long with a catalyst case made from three-inch
pipe about four feet long. A later series of tests
was conducted using a ten-inch diameter retort
approximately 20 feet long. No catalyst case was
used in this configuration. Flow diagrams of the two
experimental processes are shown in Figures 75 and
76. The process has been described by
94
Schlinger 66'67 and in several patents.
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For testing in the larger unit, oil shale feed was
crushed to minus 4-mesh and loaded into the
retorting vessel. After purging the system of air,
the retort was pressurized with hydrogen to 1000-
2000 psig. The recycle compressor was then started
and the heaters fired. As the upflow of hot
hydrogen passed through the shale bed, a hot zone
progressed through the shale, heating the solids to
approximately 1000F. The system was kept hot for
two to six hours. Collection of liquid product from
the recycle stream and measurements of the quan
tity and composition of the recycle gas provided
quantitative information on the production of non-
condensible gases.
It is claimed that by using a flow of hot hydrogen
rather than air or recycled product gas to heat the
raw shale, the oil shale feed may be almost entirely
stripped of its organic material. Because of this
efficient recovery, yields of oil ranging from 105 to
115 percent of Fischer Assay have been achieved.
The properties of the raw shale oil produced by the
hydrotorting process are shown in Table 64.
UNION OIL PROCESS
History
Union Oil Company's oil shale activities span
more than 50 years, beginning with its acquisition of
oil shale reserves in Colorado in the 1920's. Cur-
Table 64
Comparison of Hydrotort Oil Properties
With Fischer Assay and Conventional
Retort Oils
Gravity, API
Viscosity, SUS at 100 F
Viscosity, SUS at 122 F


























24.1 30.7 24.5 34.2
73 223 61 --
41.2
36 46 34 --
0.98 0.77 0.56 0.12
1.80 2.01 1.88 0.77
85.23 85.44 --
75 90 65 80
11.38 11.12 --
2.33 4.57 4.28 0.03
11.42 11.45 11.37 11.9








Cracked 889 712 710
Cracked Cracked
33.4 32.5 33.4 42.9
95
rently, Union owns more than 33,000 acres of land in
Colorado, approximately 20,000 acres of which can
be considered "shale-bearing."
Union has been investigating oil shale retorting
processes for more than 30 years. This development
has led to three variations of a vertical kiln retort.
These variations are known as the Retort A, the
Retort B, and the SGR (Steam Gas Recirculation)
processes. All three of the processes use a "rock-
pump"
mechanism which feeds the oil shale upward
through a retort having the shape of an inverted
cone. The upward flow of shale is countercurrent to
the downward flow of gases and liquids. Viewing the
Union processes simplistically, they are merely
inverted Gas Combustion retorts, the directions of
solid and gas flows having been reversed. Although
the retorts are more mechanically complex than the
more conventional gravity-flow units, the novel
design does manage to alleviate many of the
operational problems associated with the other
processes.
Retort A is an underfeed, countercurrent flow
retort heated directly by internal combustion of the
residual carbon on the surface of the retorted shale.
This process was tested in pilot plants of 2 and 50
ton-per-day capacities at the company's California
research center. In 1957, a retort having a nominal
capacity of 350 tons per day was constructed on
Union's property approximately 15miles north of
Grand Valley, Colorado. The retort was 40 feet
high, was 17 feet in diameter, and the rock pump
had a diameter of 5-1/2 feet. Tests on this unit
showed the process to be workable, and in fact
during one demonstration run shale was processed at
a rate of 1,200 tons per day. Although the Retort A
has a relatively high thermal efficiency (83 percent),
roughly 40 percent of the produced energy is in the
form of low-Btu gas (120 Btu/scf). The remaining 60
percent is produced as crude shale oil. Liquid yield
is about 75 percent of Fischer Assay.
Union engineers later developed the Retort B
process which closely resembles the Retort A except
that the heat for retorting is supplied indirectly by
injecting hot, recycled product gas. Oil yields of
100 percent of Fischer Assay can be obtained with
this unit, but thermal efficiency is only 69 percent
because the residual carbon on the spent shale (4.0
wt. 96) is not utilized. By using a combination of
Retort-A and Retort B, however, a thermal effici
ency of 73 percent can be obtained.
Following the experimental program and en
gineering studies conducted in the 1960's, an at
tempt was made to sign a long-term fuel oil
contract with a Southern California power company,
thus providing the necessary incentive to produce
shale oil commercially. That contract was never
consumated and Union shelved their plans for a few
more years.
In June 1974, Union Oil announced
13k
that it had
developed another retorting process based on the
rock pump concept. The new process was known as
the SGR, or steam gas recirculation, process. This
variation used the original Retort A retort design,
but the top was sealed to eliminate air, and spent
shale was sent to a gasifier to produce hot synthesis
gas for injection into the retort to provide the
necessary heat for pyrolysis. A three-ton-per-day
pilot plant, operated at the company's California
research center, showed that the new process gave
100 percent of Fischer Assay recovery and had a
thermal efficiency of 82 percent. Furthermore, the
process could produce either high or low-Btu gas by
using two different operating modes, air or oxygen.
At the time the SGR announcement was made,
the firm was proceeding with the design and
installation of a 1,500-ton-per-day SGR demonstra
tion retort and a 5000-ton-per-day prototype solids
pump in Colorado. However, in mid-1975, Union
announced that it was going to by-pass the
1,500-
ton-per-day unit and construct a 7,000-barrel-per-
day (10,000-ton-per-day) commercial scale facility.
Furthermore, the SGR retorting process was shelved
in favor of the less complex Retort B. Subsequent
reports stated that the decision to shelve the SGR
process was due to marginal economics as deter
mined by engineering and cost studies.
Union's plans for their large-scale Retort B
facility were announced in March, 1976. The pro
posed plant, to be constructed on Union's Parachute
Creek property, would contain all the necessary
facilities for gas, oil, and water treatment and
render the shale oil product useable as a boiler fuel.
Due to uncrtain political and economic climates,
however, Union to date has not begun any large
scale operations.
In early 1977, Union announced the development
of an
"SGR-3"
retorting process. Building on the
basic Retort B design, the new process adds another
step to utilize the residual carbon on the spent shale
more efficiently. In this system, gasification and
combustion of the coke are accomplished in a single
step using cocurrent flows of air and solids with flue
gas recycle for temperature control. It is said that
a Retort B prototype plant, if constructed, could be
easily retrofitted with this system to convert it to a
more efficient SGR-3 process.
In early 1978 Union announced plans to construct
an experimental project contingent on the U.S.
Congress creating the necessary investment climate.
The project will be designed to process 10,000 tons
per day of 41 gallon per ton oil shale and produce
9,000 barrels per day of shale oil. The liquid product
would be suitable for use in electrical power
generating plants. For the proposed facility, Union
would use the Retort B process.
Description
All three of the processes developed by Union Oil
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are variations of a vertical kiln retort using a
"rock-
pump"
shale feeding mechanism. The retorts are
known as Retort A, Retort B, and SGR (steam gas
recirculation). In all three processes, the oil shale is
pushed upward through the retort while the gas flow
is downward. In Retort A, the heat for pyrolysis is
generated by the internal combustion of residual
carbon on the spent shale. In Retort B and the SGR
retort, the heat is supplied indirectly by hot gases.
The Retort A process was developed through 2,
50, and 350 ton-per-day pilot plants which were
operated prior to 1960. A view of the Retort A
process is shown in Figure 77. The retort is an
inverted cone fitted with a rock-pump shale feeder
which pushes the oil shale upward through the
vessel. Air is injected at the top of the retort to
support combustion of the residual carbon on the
retorted shale fragments in the center portion of the
retort. This combustion provides the heat necessary
to retort the upward flowing shale.
The crushed shale feed is removed from the
hopper and transferred to the bottom of the retort
by the shale feeder shown in Figure 78. As the shale
enters the retort, it is contacted by a countercur
rent flow of hot product gases leaving the combus
tion and retorting zones above. In this lower zone,
the gas cooling zone, heat is transferred from the
hot gases to the cool incoming shale to reduce the
heat load on the process, resulting in higher thermal
efficiencies. In addition, the recovery of the
sensible heat in the gas also makes subsequent gas
handling easier. Passing up through the retort, the
preheated shale enters the retorting or
pyrolysis
zone. The gases passing downward in
this area,
having just left the combustion zone, heat
the shale
to a temperature such that organic material
is
pyrolyzed, producing shale oil vapor,
product gas,
and residual carbon on the surface of the shale. As
the gaseous products of pyrolysis are evolved, they
are swept downward by the flow of combustion
gases.
*Q* AIR






STEP I STEP 2
STEP 3 STEP 4
Figure 78. Detailed View of Retort A Rock
Pump
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The retorted shale fragments then enter the
combustion zone where they encounter preheated
combustion air passing down through the retort.
This air sustains the combustion of the residual
carbon which remains on the surface of the shale
after retorting. Temperatures in this zone may
reach 2000F, high enough to fuse a portion of the
shale. In earlier versions of the retort, rotating
spiral plows were used to break clinkers and thereby
maintain uniform air distribution in the combustion
zone. In later versions, these plows were not used.
Herein lies one advantage of the Union rock-pump
retorts. Since the spent shale will eventually
overflow the top of the retort rather than pass
through a discharge grate mechanism, the formation
of large clinkers does not present much of a problem
as it does in typical gravity flow retorts.
The hot spent shale leaves the combustion zone
and enters the topmost zone, the air preheat zone.
In this area, heat from the spent shale is transferred
to the cool incoming combustion air, thus preheating
the air prior to entry into the combustion zone.
Upon leaving this zone, the shale is pushed up over
the top of the retort and falls into the ash disposal
chute.
Below the gas cooling zone, in which some of the
retort products are condensed, the retort walls are
slotted to allow separation of the oil and gas from
the incoming shale. A bustle surrounds this section
and the gas and oil pass through this bustle to the
product recovery system. The shale feeder is
constructed so that any fines which pass through
the
slots return to the feeding piston and are re
introduced into the kiln. Thus, the gas and oil
collector does not become plugged with an accumu
lation of fines. The feeding mechanism is filled with
oil to a level just below that of the slot edges,
providing a liquid seal which prevents air from being
drawn into the kiln through the shale feeder. The
liquid oil level is established by the location of the
retort exit line through which the oil product drains
to the Roto-clone collector.
Because almost all of the energy of the residual
carbon on the spent shale is recovered by combus
tion within the retort, the overall thermal efficiency
of the retorting process is fairly high, approximately
83 percent. Unfortunately, roughly 40 percent of
the recovered energy is in the form of product gas
with a heating value of 120 Btu/scf and the
remainder is crude shale oil. While some of the
low-
Btu gas can be used in the process, excess gas is
almost a waste product, as its low energy content
prohibits economic transport to another site for
utilization. The liquid yield from the process is
approximately 75 percent of Fischer Assay.
Retort B closely resembles Retort A except that
the heat for pyrolysis is supplied by hot recycle gas
rather than internal combustion. Another difference
is that the design of the rock-pump shale feeder is
slightly altered to permit feed rates up to 10,000
tons per hour. A detailed diagram of the Retort B















Figure 79. Union Oil Retort B
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Sized and screened oil shale is drawn through a
shale oil seal in the feed chutes and pumped into the
bottom of the retort by the two rock-pump pistons.
Shale oil product acts as a hydraulic seal in the feed
chutes to maintain retort pressure. The solids pump,
mounted on a movable carriage, is completely
enclosed within the feeder housing and immersed in
shale oil. The pump consists of two hydraulic piston
and cylinder assemblies which alternately feed shale
to the retort. While one cylinder of this "rock
pump"
is filling with oil shale feed during a piston
downstroke, the other cylinder is charging oil shale
into the retort. When this operation is completed,
the pump carriage is moved horizontally on rails
until the full cylinder comes under the retort. This
cylinder charges its oil shale upward into the retort
while the other fills with shale from the other feed
chute. The carriage is then moved back to its
original position and the cycle is repeated. Seal
plates outboard of each cylinder close off the idle
feed chute to prevent discharge of shale into the
feeder housing.
The oil shale moves uniformly up through the
cone to form a free-standing pile on top of the
retort bed. Retorted shale falls by gravity from the
top of the vessel, but may be assisted by a
lightweight rake rotated above the top of the bed.
The retorted shale is then discharged into a
collection and cooling system. The top of the retort
cone is enclosed by a pressure dome, permitting
operation at a nominal 15 psig. As in the Retort A,
a series of vertical slots around the perimeter of the
lower cone wall provides the openings for disengag
ing the condensed oil and retort vapors from the
solids bed.
Oil yields from the Retort B process approach
100 percent of Fischer Assay; however, the overall
thermal efficiency is relatively low, approximately
69 percent, because the energy of the residual
carbon left on the spent shale (approximately four
weight percent) is not recovered. According to
Union Oil, a combination of Retorts A and B can be
used to achieve a thermal efficiency of approxi
mately 73 percent. The product gas from the
Retort B process has a heating value of approxi
mately 800 Btu/scf because there is no dilution from
nitrogen injected in the combustion air, as in
Retort A.
The SGR (steam gas recirculation) process was
first described by Union's President and Chairman of
the Board, Fred L. Hartley, in June 1974.
l3k
The
SGR process was intended to provide a higher
thermal efficiency than either the Retort A or
Retort B process. This value is reported to be
approximately 82 percent. The SGR process is
illustrated in Figure 80.
The SGR variation uses the same retort design as
does the original Retort A process, except that the
top surface of the vessel is enclosed to exclude air.
The spent shale is sent to a separate gasification
vessel in which oxygen and steam react with the





































Properties of Crude Shale Oil From Retorting Processes
Developed By the Union Oil Company
Processes Fischer
Retort A Retort B SGR Assay Oil
Gravity,0
API 18.6 22.7 21.5 24.2
Carbon, wt. % 84.0 84.8 84.7
Hydrogen, wt. % 12.0 11.61 11.7
Nitrogen, wt. % 2.0 1.74 1.8 1.6
Sulfur, wt. % 0.9 0.81 0.7 0.7
Oxygen, wt. % 0.9 0.90
Ash, ppm 50
Conradson carbon, wt. % 5.6 2.8 2.5
Flash
Point,0
















synthesis gas, which is then recycled to the retort to
provide the necessary heat for pyrolysis. If pure
oxygen is injected into the gasifier, a high-Btu
product gas is produced, whereas with air injection,
a low-Btu gas, with a heating value of 120-130
Btu/sef, is produced. Temperatures in the gasifier
reach approximately 1600F and those in the retort
approach 970F. The product gas produced when
operating in the oxygen mode contains as much as 60
percent carbon dioxide, thus increasing compression
and acid gas removal costs. Subsequent studies
showed that this and other disadvantages caused the
process to be economically noncompetitive with
other available processes.
A comparison of the properties of the crude
shale oil produced by the three different retorting
processes is shown in Table 65. As a point of
reference, the properties of shale oil recovered by
the Fischer Assay technique are also shown.
Due to its relative simplicity, and its encourag
ing process economics, the Retort B process was
selected in 1976 as the process to be demonstrated
on a commercial scale. In early 1977, a process was
announced which, when retrofitted to a Retort B
prototype unit, would further improve the economics
of the process by utilizing the residual carbon left
on the spent shale. This process, known as SGR-3,
provides for the combustion of the residual carbon in
a separate vessel, thus producing enough hot flue gas
to supply all of the retort heat
requirements as well
as to generate enough steam to supply most of the
power plant requirements. This technique provides
for the production of high-Btu (980 Btu/scf) product
gas from the retort while maintaining a high thermal
efficiency ( -83 percent) by using the residual
carbon on the spent shale. Following the removal of
C k plus hydrocarbons and acid gases from the gas
stream, the heating value is reduced to approxi
mately 800 Btu/scf. This value can be increased to
over 1000 Btu/scf by methanation. A flow diagram
for the process is shown in Figure 81.
The operating conditions for an SGR-3 retort are
shown in Table 66 and the yields are shown in
Table 67. Table 68 shows the properties of the
crude shale oil, and Table 69 gives the properties of
the retort and combustor flue gases. These data
were taken from Duir.
"*39
A comparison of the
energy efficiency of the Retort B process and the
SGR-3 process is presented in Table 70.
PARAHO PROCESS
History
The Paraho retort was developed by Develop
ment Engineers, Inc. (DEI) by modifying vertical kiln
technology previously investigated. Following its
formation in the late 1960's, DEI signed a lease
agreement with the Department of the Interior in
1972 to use portions of the old Anvil Points facility
in conjunction with a proposed oil shale retorting
program. This "Paraho Oil Shale Project" was
scheduled to run until August 1976 and cost a total
100
Figure 81. Diagram of Union Oil SGR-3 Retorting Process
Table 66
SGR-3 Retort Operating Conditions
For 36 Gallon/Ton Shale
Shale rate, T/D
Shale size, in
Pressure retort top, psig






Retort recycle gas, scf/ton
Air to burning zone, scf/ton
Flue gas to burning zone, scf/ton











SGR-3 Retort Yields For 36 Gallon/Ton Shale
Retort make gas (dry basis). scf/ton 750
Flue gas to stack (dry basis) , scf/ton 16,000











SGR-3 Retort Crude Shale Oil Properties
Gravity, API 22.2








Sulfur, wt. % 0.8
Nitrogen, wt. % 1.8
Oxygen
,
wt . % 0.9





Conradson carbon residue, wt. % 2.1




























Heat ing value gross Btu/scf 980

















Funding for the project was supplied by 17
industrial participants. These firms were:
Sohio Petroleum Company
Southern California Edison Company
The Cleveland-Cliffs Iron Company
Gulf Oil Corporation
Arthur G. McKee and Company
Kerr-McGee Corporation
Shell Development Corporation
Standard Oil Company (Indiana)
The Carter Oil Company (Exxon)








Two Paraho retorts, having inside diameters of
30 inches and capacities of 20 barrels per day, were
constructed under the program. In addition, a retort
with an inside diameter of 8-1/2 feet was also
constructed. The retorts were designed so that they
could be operated in any one of three modes:
direct-heated, whereby heat is supplied by the
combustion of carbon on the spent shale (similar to
the Gas Combustion process); indirect-heated, in
which heat is supplied by recycled gases heated
externally (similar to the
Petrosix process); and a
combination of the previous two modes. To provide
feed for operation, the room-and-pillar mine used by
the Bureau of Mines was reactivated and more than
100,000 tons of shale were mined.
As part of the Paraho operation, roughly 10,000
barrels of raw shale oil were produced for use in a
U.S. Navy refining program. During 1975, the raw
shale oil was refined at the Gary Western Company






The fuels were subsequently tested in a variety of
Navy and other military vehicles.
The Paraho Development Corporation released a
prospectus in May 1975 outlining plans to construct
a full-size module capable of producing 7,300 barrels
per day. The program has not yet received adequate
financial support to proceed and was significantly
slowed when it was determined that a full EIS was
required for the project.
The lease on the Anvil Points facility was
extended in 1976 from 1977 to 1982 and ERDA
announced a $13 million plan to provide 100,000
barrels of shale oil for subsequent refining and
testing. Furthermore, DEI was awarded a $411,187
contract by the Office of Naval Research to
refurbish equipment at the Anvil Points plant. In
early 1977, the U.S. Navy R&D Office awarded DEI
an additional $1.7 million in contracts to continue
the production and storage of shale oil at the site.
Paraho has completed Phase II of the two-year,
$13 million program to produce 100,000 barrels of
oil for the Navy. During Phase II, 15,000 barrels
were produced in a continuous 105-day run. The
most recent action regarding the project was the
award of a $3.7 million from the Navy to produce an
additional 65,000 barrels of oil by May 1978. This
operation is classified as Phase III of the overall
program.
Description
The Paraho retort is a refractory-lined, vertical
kiln in which a moving bed of crushed oil shale,
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Table 70
Energy Efficiency of Union B and SGR-3 Retorts
Power plant fuel.
Fuel for mining and spent shale disposal.
Includes all facilities to produce salable products.
800 Btu/scf gross heating value.
Retort B SGR-:3 Retort
Yield M Btu Yield M Btu
Input
Raw shale, 34 ga 1/ton 1.0 ton 6,350 1.0 ton 6,350
Purchase power 21.59 kwh 221 5.9 kwh
60;
Diesel fuel 0.3 gal 41 0/3 gal 41
Total input 6,612 6,451
Output0
Oil product 32.86 gal 4,650 33.04 gal 4,816
Pipe line gas 0 0 649 scf 519
Sulfur 0.0008 UK ton 7 0.0008 UK ton 7
Total output 4,657 5,342
Efficiency, %
(Energy output/input) 70 83
flowing downward through the kiln, is contacted
with a countercurrent flow of hot gases having an
adequate heat content to pyrolyze the organic
constituents in the shale and convey the resulting
vapors out the top of the retort. The process can be
operated to utilize the residual carbon on the
retorted shale as the source of retorting heat
(direct-heated mode) or in a configuration whereby
the retorting heat is provided by the recycle of
product gas heated in an external furnace (indirect-
heated mode). When operating in the direct-heated
mode, in which the carbon on the retorted shale is
actually burned within the retort, the process
closely resembles a Gas Combustion retort. When
operating in the indirect-heated mode, the process
resembles the Petrosix process.
First to be discussed will be the direct-heated
mode, since this is the configuration used in most of
<t>f 09ii1 illu-
the earlier testing. Figures 82 and 83
strates the process. In this process, crushed oil
shale feed
(3/8"
to 3-1/2") is charged to the top of
the vertical kiln by an appropriate anti-segregation
feeding device. As the shale passes downward
through the retort, it is contacted by an upward flow
of gases. Near the top of the kiln, in the shale
preheating and mist formation zone, the heat in the
rising gases is transferred to the cool incoming
shale, thereby preheating the solids and increasing
overall thermal efficiency. Passing into the retort
ing zone, the solids encounter hot gases rising from
the combustion zone. These gases heat the shale to
a temperature such that the organic constituents are
pyrolyzed. The vapors which are evolved are carried
upward by the flow of gases.
The retorted shale then passes into the combus
tion zone where air is injected in sufficient quanti
ties to burn the residual carbon off the surface of
the retorted shale. This combustion provides the
necessary heat to pyrolyze the shale in the overlying
retorting zone. In some cases, additional heat is
supplied by injecting and burning a part of the
product gas. Passing through the combustion zone,
the shale enters the shale cooling zone, where heat
from the spent shale is transferred to a rising
stream of recycle gas. The cooled shale is then
discharged from the retort by a patented grate
mechanism at the bottom of the vessel.
The same basic flow regime is used in the
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Figure 83. Vertical Kiln of Paraho Design
Retorting Coarsely-Ground Oil
Shale
ing air, and thus forming a combustion zone, only
hot recycle gas is injected. This recycle gas is taken
as a slip stream off the product gas line and heated
externally in a furnace. The fuel for combustion in
this furnace is usually product gas, but this could be
augmented by burning residual carbon on spent
shale.
When operating in the direct-heated mode, the
Paraho process is said to yield approximately 93
percent of Fischer Assay. The properties of the
crude shale oil produced in this mode are shown in
Table 71.1,'t2 The gas produced in the direct-heated
mode, due to nitrogen dilution, has a gross heating
value of approximately 96 Btu/scf, whereas the gas
from the indirect-heated mode probably averages
nearly 1000 Btu/scf. A simplified material
balance
for the process is shown in Figure 84.
In Situ Processes
TALLEY ENERGY SYSTEMS
On August 1, 1977, Talley-Frac Corporation (now
Talley Energy Systems) signed a cooperative agree
ment with ERDA (now the Department of Energy) to
demonstate in situ production technology at a site
near Green River, Wyoming. Talley has previously
been involved with in situ production of shale oil via
contracts for explosive services through the Laramie
Energy Research Center. Talley possesses pro
prietary technology involving the use and detonation
of liquid explosives.
The agreement between ERDA and Talley out
lines a two-phase, 42-month project. The objectives
of Phase I are (1) to determine if adequate rubbliza-
tion of oil shale is possible by multiple explosive
stimulation; (2) to determine if computer models can
be used to predict results of explosive fracturing and
in situ retorting operations; and (3) to determine if a
reasonable percentage of the retorted oil can be
recovered.
During Phase I of the project, Talley will develop
computer programs to model the explosive fractur
ing and retorting operations. A geological site
analysis will be conducted to determine the best
configuration for an experimental in situ retort.
Hydraulic and explosive fracturing of this single
retort will be conducted and based on the results
from this test, the fracturing program will then be
extended to encompass 16 adjacent retorts.
Assuming that the results of the Phase I work are
promising, Phase II will be initiated. This will
involve demonstration of the retorting technology in
the 16 adjacent retorts. The production goal for
Phase II is 5,000 barrels of shale oil per day.
GEOKINETICS, INC.
Geokinetics has been involved with in situ shale
oil recovery since 1973. In 1975, the firm began
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Table 71
Properties of Crude Shale Oil
Produced in Paraho Retort




Viscosity (cs @ 210 F)






19.3 (D287) Carbon wt. percent 84.90
0.9383 (D287) Hydrogen wt. percent 11.50
85. (D 97) Oxygen wt. percent 1.40
6.38 (D445) Nitrogen wt. percent 2.19
20.15 (D445) Sulfur wt. percent
*Corrosive Sulfur:
0.61*
1.969 (D664) (H2S-S 248 lbs/1000 bbl.)




























Figure 84. Overall Material Balance for Paraho
Retorting Process
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preliminary work on a mining lease south of federal
Tracts U-a and U-b in Uintah County, Utah. The
firm also nominated and bid on federal Tract U-b in
1974, but was unsuccessful in its bid attempt.
Geokinetics also nominated a site for an in situ tract
which eventually was selected as federal Tract 9.
Relatively little was known about Geokinetics'
proposed process until mid-1977 when ERDA (now
the Department of Energy) awarded Geokinetics and
Aminoil, Inc. a contract to develop in situ techno
logy. The work to be performed under this contract
is an extension of the previous efforts, and as such,
will be classified as Phases III through VI of the
project.
The project objectives stated in the contract are
to develop and improve shale oil recovery techniques
through the use of in situ horizontal retorts. The
research plan calls for the continued development of
retorts, their refinement, and enlargement until
large retorts can be operated successfully.
The development of each retort will progress in
five distinct steps as follows:
Drilling and Blasting
- This step will include
pre-blast site evaluation and corehole analy
sis. New or existing blasting configurations




Re-entry will be drilled
following the blasting to evaluate the condi
tion of the retorting and overburden zones,
provide for combustion air, product gas re
covery, production, and instrumentation.
a Burn Preparation and Air Injection Tests -
Surface equipment required to conduct the
combustion step will be installed.
a Ignition and Burn - The retort will be ignited
with burning charcoal, and the air rates,
retort temperatures, pressures, and product
off-gas rates will be monitored and controlled
where necessary.
a Post-Burn Examination - The retorts will be
re-entered or cored as necessary to evaluate
the degree of rubblization and pyrolysis oc
curring in the retort zone.
EQUITY OIL COMPANY
Equity Oil Company has been investigating in
situ shale oil production since 1961. From De
cember 1964 until December 1966, the firm experi
mented with the use of heated methane and natural
gas as a heat-carrier medium to heat shale forma
tions. Some degree of success was achieved during
the experiments which involved 547 days of gas
injection of 617-961 psig and 800-840F. Atlantic
Richfield acquired a 50 percent interest in the
technology in 1968, and development work continued
for several years. It was announced in 1971 that the
process was being modified to use superheated
steam rather than natural gas as the retorting
medium. After only four months of operation,
however, the project was shelved due to high
operating costs and a lack of sufficient steam
injection capacity.
Equity has recently been selected by the Depart
ment of Energy to evaluate a new in situ shale oil
production technology. Equity's project will take
place in the Piceance Creek basin of Colorado and
will involve injection of superheated steam to
liberate the shale oil (by pyrolysis) from the marl
stone matrix. Equity plans to start work on the
project by evaluating the physical characteristics of
the leached zone at the field test site. The field
work is initially planned to take place on the original
Equity in situ site. Two coreholes will be drilled
adjacent to Equity's original steam injection and
production well. The cores will be evaluated for
evidence of retorting, pore volume, and Fischer
Assay. Since the success of the project depends on
the natural porosity of the leached zone to provide
communication between the injection and production
wells, a series of permeability tests will be run to
confirm the suitability of the site. An alternative
site might be selected if the permeability proves to
be unacceptable.
The preliminary concepts for the field test
involve nine injection and four production wells
oriented in a one-acre pattern. The production
target will be the 550-foot-thick leached zone.
Superheated steam will be injected at the rate of 64
million Btu/hr, 1,450 psig maximum pressure, and a
minimum temperature of 840F. Figure 85 shows
the steam sweep pattern which Equity will be trying
to achieve. A two-year injection period is forecast,
to be followed by a post-operation corehole program
to evaluate the extent of retorting which was
achieved. If everything progresses according to
plan, the project will be completed in 55 months.
LARAMIE ENERGY RESEARCH CENTER
(DEPARTMENT OF ENERGY)
The Laramie Energy Research Center (LERC)
has been conducting field tests on in situ production
of shale oil since 1966. Much of their work has been
involved with evaluating various fracturing techni
ques. A summary of some of the projects which
LERC has conducted follows:
In Situ Site No. 1 - This site was first drilled for
tests of electrofracing experiments near Rock
Springs, Wyoming. The results of the electrofracing
tests were inconclusive because the formation was
found to contain substantial natural porosity due to
the presence of a two-inch layer of volcanic tuff.
This site was also used for preliminary tests of
nitrofracing in which 50 quarts of liquid nitrogly
cerin were injected into the natural permeable zone
and detonated. Significant increases in formation
permeability were observed.











Figure 85. Idealized Injection/Production
Pattern for Equity Oil Project
ing and nitrofracing experiments were conducted.
Results indicated that electrofracing was accom
plished at all electrode spacings used, ranging from
4 to 129 feet. After the electrofracing phase was
evaluated, the fractures were subjected to a series
of nitrofracing experiments in which conventional
well bore shots of nitroglycerin were detonated at
levels corresponding to electrode positions during
the electrofracing test. Air flow between boreholes
increased appreciably after the shots. Two in situ
recovery experiments were tried on Site No. 2, the
first consisted of the injection of 200 psig steam
superheated to 1200F to 1300F. The formation
plugged after one day of injection, and the steam
approach was abandoned. The second experiment
consisted of the injection of a heated inert gas. The
gas (diesel engine exhaust) passed through a combus
tion catalyst and was then compressed before
injection at 1200F to 1400F. This injection was
run for a two-week period with a cumulative
recovery of about one gallon of oil and the run was
terminated.
In Situ Site No. 3 - Site 3 was subjected to a
series of nitrofracing tests which were successful in
improving the formation porosity. No combustion
evaluation was made at this site.
In Situ Site No. 4 - Site 4 involved electrofrac
ing, hydrofracing, and nitrofracing to improve the
formation porosity. Electrofracing was not success
ful in creating additional permeability. However,
hydrofracing and nitrofracing were successful in
creating substantial porosity at the five-spot forma
tion.
At the conclusion of the fracturing tests, Site
No. 4 was subjected to combustion evaluation. This
evaluation was essentially successful, in that signifi
cant quantities of gas and oil were produced. A
total of 8,000 gallons of shale oil was recovered. An
analysis of the combustion project revealed that
approximately 30,000 gallons of shale oil had been
retorted. It was estimated that a total 328,000
gallons were present on the site.
In Situ Site No. 6 - Site 6 covered an area of
approximately
150'-x-300'
and included a 55-well
pattern. The oil shale formation at Site 6 was
electrofraced and then explosively fractured to
increase the permeability of the formation. A
49-
week combustion test at Site No. 6 was conducted
without recovering any significant amount of oil. At
the conclusion of the test, it was decided that the
energy used in initating the combustion experiment
was so widely dissipated that very little oil shale
reached retorting temperature.
In Situ Site No. 7 - The main objective of the
Site No. 7 experiment was to study problems
associated with ignition of oil shale broken by
hydraulic fracturing and by detonation of explosives
n well bores. The combustion phase of the test
began in April of 1970 and was terminated as soon as
it was established that the oil shale had been
successfully ignited.
In Situ Site No. 8 - Site 8 was used to evaluate
electrolinking and acid leaching of resulting frac
tures. No combustion experiments were conducted
at this location.
In Situ Site No. 9 - Initially Site No. 9 involved a
9-spot well pattern which was hydraulically frac
tured followed by explosive fracturing with slurry
type explosives. The oil shale bed was ignited on
April 5, 1976. During 150 days of combustion, it was
apparent that considerable amounts of shale were
being retorted underground. However, repeated
failure of the oil production wells, due to mechani
cal problems, resulted in only minimal recovery of
shale oil. It was felt that considerable quantities of
shale oil had migrated past a production well, hence,
three additional wells were drilled outside of the
original pattern to try to intercept some of the
produced shale oil.
Material balances at the site following the
combustion experiment revealed that of the 7,800
barrels of oil available, 1,080 barrels were retorted.
However, only 60 barrels of shale oil were recover
ed.
Much of the data which aided LERC in the
conduct of the field tests discussed above were
acquired under controlled conditions at the Laramie
facilities. In addition to much laboratory equipment
which may be used to simulate in situ retorting,
LERC also has a 10-ton and 150-ton N-T-U retort
available for testing. Since this aboveground pro-
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cess closely resembles a vertical underground retort,
data obtained from the N-T-U retorts can provide a
better understanding of the processes occurring in
the in situ operation.
DOW CHEMICAL COMPANY
The Dow Chemical Company began preliminary
investigations into the processing of Eastern De
vonian (Antrim) oil shale in the 1950's. Four
separate research projects have been conducted at
various sites in Michigan. Fracturing techniques
have been studied extensively and various in situ
recovery processes have been investigated. A
horizontal fireflood process was investigated at a
shale outcrop in an old quarry during the 1950's and
steam/oxygen injection was studied in the early
1960's.
Dow signed a contract with ERDA (now Depart
ment of Energy) in March 1977 to conduct a compre
hensive in situ recovery program. The value of the
four-year contract is roughly $14 million. Most of
the work will be conducted on an 80-acre site which
Dow owns in fee near its Midland, Michigan, plant.
The project is divided into four tasks which
should produce the final result of delineating the
nature and commercial value of the Antrim shale.
Task 1 is aimed at the characterization of the
Antrim shale, including its geochemical, lithological,
and physical properties. The physical extent of the
shale will also be studied. Task 2 will involve the






turing with chemical explosives
a Acid leaching of limestone stringers
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to produce rubblized shale cavity
Task 3 involves the production of oil and gas at
the test site. Initially, production will be attempted
on a test site which has already been developed by
Dow. If the preliminary tests are successful, one of
the three test sites developed under the present
contract will be selected for an additional extrac
tion trial.
Task 4 of the project will evaluate the environ
mental impacts and determine public policy and
legal constraints which may be applicable to a
commercial venture.
OCCIDENTAL PETROLEUM CORPORATION
The modified in situ shale oil recovery process
developed by Occidental (Oxy) involves the mining
of approximately 20 percent of the shale from an
underground chamber or retort, and then explosively
rubblizing the remaining shale in the retort to fill up
the mined out area. Thus, the oil shale remains
underground during retorting, resulting in a process
which Oxy feels is more economical than competi
tive processes. When the shale is retorted, a small
amount of supplemental outside fuel, such as shale
oil, is used to heat the top of the rubble pile to the
required temperature of 900F. After a predeter
mined amount of rubblized shale has been heated,
the supplemental fuel burners are removed. Com
bustion continues by injection of air into the retort
to keep the
"burn"
going. The retorted shale oil
flows down the retort by gravity, ahead of the burn,
and is collected in a sump at the bottom of the
retort. From there, pipelines carry the oil to
storage at the surface.
The original Occidental field test program began
in 1972, and consisted of mining and retorting three
in situ retorts on the D.A. Shale property on Logan
Wash at the southern edge of the Piceance Creek
basin. Each retort was approximately 1,000 square
feet in cross-sectional area and varied in height
from 72 to 114 feet. These were small in compari
son to the envisioned commercial retorts, but were
large enough to test basic concepts and to permit
scale-up to a full size retort at a later date. A
diagram of the basic mining and retorting scheme is
shown in Figure 86.
Retort IE was prepared in the winter and spring
of 1972 and 1973, and retorting startup was attemp
ted in May 1973. Various problems associated with
ignition, temperature and pressure measurements
and control, sealing of the retort, and other mechan
ical startup problems delayed actual retorting until
July 1973. In spite of these problems, Retort IE was
operated satisfactorily, and upon completion in late
September 1973, it produced more than 1,200 barrels
of oil.
f
Retort 2E was prepared in 1973 and early 1974,
and retorted in 1974. This retort utilized the same
basic rubblization design as in IE but with several
changes, including reduced void volume, a different
blast pattern, and a 20-foot increase in the retort
height. Retort 2E presented a new set of technical
challenges both in fragmentation and in retorting.
The 20 feet of additional retort height consisted of
oil shale that was considerably lower in grade than
that normally retorted. Retort 2E eventually pro
duced 1,400 barrels of oil.
Retort 3E, the final small-scale retort, used an
entirely different rubblizing scheme and was 20 feet
taller than Retort 2E. Again, the added height was
in low-grade oil shale. The new fragmentation
system led to different operating characteristics
than the earlier experiments, and although new
problems were encountered, operation was much
improved over the previous retorts because many of
the problems uncovered during development and
processing of those units were solved. Retort 3E




























Figure 86. Occidental's Modified In Situ Recovery Process
Retort 4, the first full-size retort, was originally
designed on the basis of the Retort IE test. This
design was later altered to test a third fragmenta
tion scheme. The retort was mined in a new area of
the D.A. Shale property in the first half of 1975 and
rubbled August 10, 1975. It was ignited in Decem
ber 1975 after extensive flow and tracer testing.
Retort 4 measured 120 feet square by 270 feet in
height and included within the rubble, for the first
time, the B-groove, a thick zone of barren rock. In
total volume, Retort 4 was 50 times that of Re
tort IE and 32 times 3E. Because the B-groove was
included, the ratio of oil in place between the
retorts was smaller than the rubble tonnages would
indicate.
The scale-up to the commercial size retort
resulted in additional technological experience. The
rubblizing of Retort 4
proved to be more difficult
than envisioned due to the way in which the retort
was oriented in the formation. As a result, rubbling
was incomplete in certain sections of the retort.
Even so, Retort 4 gave valuable experience in the
ignition of a large cross sectional area and main
tenance of a uniform retorting front over the same
area. Approximately 30,000 barrels of shale oil
were produced between January and June 1976.
Mining prior to formation of Retort 5 occurred
between November 1975 and April 1976. The retort
design is similar to that of Retort 4, but the
experience gained in the earlier test led to a much
more satisfactory result. Rubblizing followed an
extended rock fragmentation test program and took
place on December 16, 1976. Ignition of the retort
was attempted in April 1977 but was not totally
successful, and corrective measures were taken.
Retort 6, representing an extension of the Re
tort 3E rubblizing concept, is scheduled to be retort
ed in 1978. Table 72
1"t3
is a summary of the
properties of shale oil produced by the Occidental
process.
Occidental entered into an agreement with Ash
land Oil Company on November 3, 1976, whereby
Occidental gained 75 percent interest in federal
Tract C-b in exchange for their technology concern-
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Table 72
Properties of Shale Oil From
Occidental In-Situ Process
Gravity, API 60 F/60
c
Pour Point, F












ing the modified in situ process. Occidental and
Ashland plan to develop the tract in a progressive
fashion which will allow early evaluation of the
modified in situ technology on the new site prior to
construction of a full scale commercial facility.
Current plans call for construction of a small retort
test area which can begin operations while develop
ment of the commercial mine and retorts is under
way. This test site will initially include two full
scale retorts measuring 200 feet square by 310 feet
high. This ancillary site thus will provide experience
in retorting high grade shale, will establish environ
mental monitoring procedures, and will provide a
site for training mining and processing personnel. It
is expected that the first retort will be ready for
processing by November 1980.
LAWRENCE LIVERMORE LABORATORY
The Lawrence Livermore Laboratory (LLL) has
been involved for several years in laboratory work
related to in situ retorting. To date, most of their
work has been involved with developing a sophistica
ted computer model of the modified in situ retorting
process.
1('*5
This computer model has been the
subject of numerous scientific papers, and is of
importance to both Rio Blanco Oil Shale Company
(the developer of federal lease Tract C-a) and
Occidental Petroleum in their retorting evaluations.
The computer model will predict such parameters as
temperature and composition of the shale particles;
temperature, composition, and flow rate of the gas
stream; and oil yield and rate of recovery. Work is
continuing on this computer model to improve its
predictive capabilities.
LLL also has some well instrumented laboratory
equipment for evaluating the predictive capabilities
of the computer model. For example, two experi
mental retorts are available. These include a 125-
kilogram retort and 6.6-ton retort which simulate
the environment in a modified in situ retorting
system. Data produced from these laboratory
retorts are incorporated in the computer model.
The modified in situ process being investigated
by LLL has been described by Lewis.
'*'*'*
The
process consists of mining out a portion (perhaps 20
percent) of the oil shale and rubblizing the remain
ing 80 percent to produce an underground retort.
The distributed void space provides a permeable
path through which hot gases flow and transfer heat
to the oil shale fragments. The shale must be
fractured and rubblized so that the fragments are
small enough to permit acceptable heat transfer
rates and are uniform enough in size to allow for
good gas distribution. The process advanced by LLL
is proposed for use by the leaseholders of federal
Tract C-a. The method proposed for mining the void
volume is a modified sublevel caving technique.
This method is illustrated in Figure 87 and is known
as the "Rubble In Situ
Extraction"
(RISE) method.
Approximately five percent of the 20 percent void
volume will be produced in constructing the drifts
and the remaining 15 percent will be produced by
withdrawing rubble at the draw points.
NUCLEAR IN SITU PROCESSES
Project Bronco
The first nuclear in situ retorting project was
proposed in 1966 by CER Geonuclear and was
labeled Project Bronco. CER was composed of
Continental Oil Company; Edgerton, Germeshausen
and Grier, Inc.; and Reynolds Electrical and En
gineering Company. The proposed project had two
objectives: (1) to determine the effect of a nuclear
explosion in oil shale and (2) to investigate the
feasibility and cost of oil recovery from the fractur
ed shale by in situ retorting.
Project Bronco was to be conducted in three
phases. Phase I included: (1) coring of three
pre-
shot and emplacement wells; (2) detonation by the
government of an explosive of approximately 50 KT;
(3) drilling of post-shot wells to determine the
effects of the nuclear explosion in oil shale. The
cost of Phase I was estimated at $1.8 million. Phase
II was to include in situ retorting of the material
contained within the nuclear chimney. The approxi
mate cost of Phase II was $2 million. Phase III was
to have included retorting of the fractured area
surrounding the chimney. The cost of this phase was
projected at $1.5 million.
Project Bronco was to be composed of CER
Geonuclear as the operator, in conjunction with a
number of other companies primarily involved in the
oil industry. Originally 25 companies were involved,
but as the project continued, this number dwindled.
Project Bronco was to be conducted at the U.S.
Bureau of Mines Corehole No. 3 site located at the










Development begins at top of block. Drifts
spaced perhaps 45ft on center horizontally
are driven the width of the block. A vertical
starting slot is driven to provide a free
























Development proceeds simultaneously on
multiple sublevels. Drawn shale provides
a continuous sample of the resultant particle
size distribution, o key variable in the retort
operation. Blasting parameters can be adjusted
to accommodate varying shale properties in
order to achieve the desired fragment size.
1 Level B
2. Shale is loaded after each blasting operation.
Approximately 20% of the broken shale is
extracted. The remainder is left behind to
form the rubblized retort block.
Figure 87. Modified Sublevel Caving Mining Technique Proposed
by Lawrence Livermore Laboratory
ally, Project Bronco was abandoned, primarily be
cause of difficulties in finalizing an agreement
between the companies, CER Geonuclear, and the
government concerning the conduct of the project.
Operation Utah
In the Spring of 1969, the Western Oil Shale
Corporation (WESTCO) proposed Operation Utah.
This was to be a nuclear in situ retorting experiment
to be conducted on private land in Utah. Project
Utah was a greatly scaled-down version of Project
Bronco. A nuclear device of approximately 5 KT
was to be used as compared to the 50 KT device to
be used for Project Bronco.
For several years, WESTCO and CER Geonuclear
conducted site evaluation tests in Utah while at
tempting to attract industry support for the project.
Since Operation Utah was to be held on non-federal
land, many of the problems which had faced Project
Bronco were eliminated. CER/WESTCO estimated
the cost for the first phase of the project, which
involved detonation of the nuclear device followed
by evaluation of the resulting chimney, at $5
million.
Although a number of companies expressed in
terest in supporting the project, no final agreement
was ever reached. There has been no serious
discussion of any nuclear in situ retorting projects
since the demise of Operation Utah in 1971.
Other Processes
Any number of new shale oil recovery schemes
are being investigated and developed by companies,
laboratories, research centers, and individuals.
Some of these processes are merely modifications or
improvements to existing technology, while others
are radically new techniques. For the most part,
these processes are still in the laboratory or
bench-
scale phase of development, but the possibility
exists that some of the more promising schemes
could be field tested on a larger scale, should the
necessary incentives for shale oil production be
forthcoming.
Bridges532, of the Illinois Institute of Techno
logy, has proposed the use of radio frequency (RF)
electrical energy as a means of heating oil shale
formations in situ. The selection of the proper
operating frequency is said to be essential for
economical operation of an in situ recovery scheme.
This is illustrated in Figure 88.
The curves in Figure 88 show that in the case of
microwave energy, penetration of only a few meters




































Figure 88. Factors Affecting Operating Frequency (A) Penetration
Depth (B) Heating Time Without Electrical Breakdown
sively larger volumes of shale can be penetrated
from a given drift or borehole. A frequency in the
shortwave band can be selected which will allow
access to volumes of shale on the order of 100
meters from the source before the field decay
causes a serious heating-uniformity problem. Even
lower frequencies could be considered, but eventual
ly these become undesirable since the RF heating
effect is reduced at these frequencies. If the
frequency chosen is too low, the heating time will be
so long that considerable energy will be lost to
adjacent shale by thermal conduction. This could be
offset by increased intensity of the electric field,
but this increase is restricted by the electrical
voltage breakdown characteristics of the shale. It is
the conclusion of the study, therefore, that there is
an optimum range of frequencies in the shortwave
band which will allow access to large volumes of oil
shale and yet will not require either excessive
heating times or field intensities.
Research has also been conducted at the Univer
sity of Southern California on the biological/bio
chemical extraction of oil shale. The extraction
technique, as described by
Yen,533
involves the
contacting of raw oil shale with an aqueous solution
containing sulfur-oxidizing bacteria. Under the
proper conditions, these bacteria generate a 0.1 N
solution of sulfuric acid. Upon contact with oil
shale, this acid solution dissolves the carbonate
minerals, thus increasing the porosity and perme
ability of the resultant shale matrix.
As discussed elsewhere, typical Colorado oil
shale contains significant quantities of dolomite and
calcite. Not only do these minerals affect the
physical properties of the oil shale, but during the
retorting process they undergo endothermic reac
tions which require substantial quantities of heat.
By removing these minerals prior to retorting, not
only is the oil shale more amenable to retorting by
conventional techniques, but significant quantities
of process heat may be conserved.
When applied to aboveground processing, the
bioleaching technique would serve to pretreat the
raw shale prior to retorting. For underground
recovery, the process would be valuable for increas
ing the permeability of the formation for thermal
recovery techniques.
A new, but more conventional, recovery process
is also being studied at the Laramie Energy Re
search Center (LERC). Robinson 5 3 ** has proposed a
high-pressure process for the conversion of oil shale
kerogen to soluble degradation products as well as
for the removal of water-soluble sodium carbonate
minerals. In this process, kerogen is converted to
soluble products by the carbon monoxide-water
reaction at 450C and at elevated pressures. Be
cause the reaction is performed in an aqueous
medium, it is said to be compatible with the
dissolution and recovery of saline minerals which
occur in some Green River oil shale. The flow
diagram of the process is shown in Figure 89.
Tests at LERC are said to have shown that the















Figure 89. Flow Diagram of the Carbon Monoxide-
Water Conversion Process
ized vessel in the presence of oil shale, gave
significantly higher degradation of oil shale kerogen
than did dry heating (pyrolysis) at comparable
pressures and temperatures. In this process,
water-
leached oil shale would be charged to a pressure
reaction vessel and would be heated to about 400C
(752F) to 450C (842F) in the presence of water
and carbon monoxide. Pressures would range from
2000 to a maximum of 4000 psig. About 0.4 pound
water would be required per pound of oil shale
processed. At 400C, the amount of kerogen
converted to solvent-soluble products equals the
amount of oil obtained by the Fischer Assay. This
happens to average about 65 percent. At 450 C, the
amount of kerogen converted to soluble
products
exceeds the Fischer Assay.
The average composition of residual gases from a









The solvent used to extract the solubilized
organic material is a mixture of methanol and
benzene. Following filtration and drying, the final
solid waste material is essentially free of any
material that could be leached by atmospheric or
underground waters. Table 73 summarizes data
from eight of the twelve tests which have been




Shale oil is the term applied to the liquid oil
product recoverable from the thermal decomposition
(pyrolysis) of kerogen, the organic material present
in the oil shale. Crude shale oil, sometimes called
Table 73
Percent of Kerogen Converted to Degradation Products
Using the Carbon Monoxide-Water Reaction
Kerogen converted, wt pet
Temperature Heating Soluble








6 375 3 .8 52.2 53.0
7 400 .25 2.0 66.3 68.3
8 400 .50 3.0 65.8 68.8
9 400 .75 2.3 68.7 71.0
10 450 .25 9.4 87.8 97.2
11 450 .50 13.1 84.3 97.4
12 450 .75 16.1 79.7 95.8
A rich oil-shale sample (66 gal/ton).
Total kerogen converted minus the amount of gas formed.
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retort oil. is the liquid oil product recovered directlv
from the offgas steam of an oil shale retort.
Synthetic crude oil (syncrude) is the upgraded oil
product resulting from the hydrogenation of crude
shale oil.
CRUDE SHALE OIL
Effects of Retorting Variables
As discussed in the retorting section, the proper
ties of the crude shale oil product from a retort are
dependent on a variety of factors. One of the most
important of these is temperature, or more specifi
cally, temperature history. Not only is the retorting
temperature important, but the rate at which the
shale was heated to this temperature is also of
concern. The temperature to which the shale oil
vapors are heated after they are generated is a
factor, as well as the length of time they are
exposed to this temperature. Processes in which the
shale is subjected to relatively high temperatures
may tend to be slightly upgraded due to thermal
cracking. On the other hand, some internal combus
tion processes may tend to yield slightly heavier
liquid products because some of the lighter compo
nents are consumed in the combustion process.
Under certain conditions, some retorts may
experience shale oil refluxing, a process in which
shale oil product is condensed on cool incoming rock,
passes into the retorting zone again, and is vapor
ized. Again, before it can leave the retort, it is
condensed, passes into the retorting zone, and
vaporizes. Each cycle of this type tends to
thermally crack the oil, producing a final product of
improved quality. However, each cycle also yields
more coke on the shale which is then either
consumed by combustion or passes on through the
retort and is discharged with the spent shale. The
net result of refluxing, therefore, is the production
of a higher quality shale oil product at the expense
of product yield and at the risk of plugging open
spaces in the bed of shale being retorted.
The effects of retorting temperature on the




ture entrainment retorting method. The results of
these studies are shown in Table 74.
Another factor which directly affects product oil
composition is the condenser temperature, or the
temperature at which the oil product is separated
from the gaseous fraction. Since the product shale
oil is composed of a wide range of hydrocarbon frac
tions, each with a different boiling point, the
temperature at which liquid is separated from the
gas determines which of these fractions end up in
the liquid phase and which remain the gas phase.
Therefore, oil produced from a condenser operating
at 80F would tend to produce a lighter oil than one
operating at 120F because more light ends, or low
boiling point constituents, would be included in the
oil product.
Typical Analyses
Tables 75 and 76 are summaries of the properties
of crude shale oil produced by various pilot plants
and bench-scale operations. It should be noted that
while these properties are indicative of what would
be produced by a commercial facility, the oil
samples investigated were not produced by an
optimized commercial process. Rather, they were
generated during test runs on relatively small scales
under operating conditions which may vary from
those at a commercial installation. Additional data
related to crude shale oil properties may be found in
the retorting section along with descriptions of the
individual processes.
One of the most thorough analyses of crude shale
oil was performed by Standard Oil of Ohio (SOHIO)
in conjunction with the production of military fuels
from shale oil for U.S. Navy
testing.1*22
Table 77
shows the characteristics of the crude shale oil from
the Paraho retorting process. Tables 78 and 79
include distillation data on the oil. The nitrogen,
sulfur, and oxygen distribution through the distilla
tion fractions is shown in Tables 80, 81, and 82.
Table 83 shows the distribution of metals in the
shale oil fractions. The carbon and hydrogen
distributions are shown in Table 84.
Recent research on Michigan Antrim oil shale
(Devonian) has been conducted by the U.S. Depart
ment of Energy at the Laramie Energy Research
Center
(LERC).539
Table 85 summarizes the data
from one of the retorting tests in the ten-ton retort
at Laramie. The Antrim test data are compared
with data obtained during a similar test using Green
River Formation oil shale. The Green River shale
used was somewhat coarser than the Antrim shale,
which probably accounts for the lower pressure drop
across the bed of Green River shale. Material
balances for the two runs are shown in Table 86.
Shale feed properties between the two runs
differ. For example, the oil content differs by some
12.8 gallons of oil per ton, and the mineral car
bonate values also differ considerably. A sulfur
content of 3.5 weight-percent for Antrim shale is
considered extremely high when compared to Green
River Formation oil shale.
Oil recovery values, as determined by Fischer
assay, are about the same, roughly 50 percent. The
low pour point of 5F for Antrim shale oil is
noteworthy.
One of the most significant differences observed
during the Antrim shale test was the high amount of
hydrogen and COS observed in the offgas, 0.4 and
0.1 volume-percent, respectively. In addition to
these gas components noted, trace amounts of






































Carbon Wt. % 84.59 84.61 84.58 83.92 85.1 84.0 84.8 84. 90 85.44
Hydrogen - Wt. % 11.53 11.40 11.76 11.36 11.6 12.0 11.61 11. 50 11.12
Oxygen Wt. % 1.10 1.67 0.8 0.9 0.9 1. 40
Nitrogen Wt. % 1.96 2.20 2.10 1.77 2.14 2. 12 1.9 1.85 2.0 1.74 2. 19 2.00 1.88 0.77
Sulfur - Wt. % 0.61 0.92 0.79 0.76 0.7 0. 68 0.9 0.67 0.9 0.81 0. 61 0.71 0.56 0.19
Gravity, "API 19.4 20.3 25.2 19.8 21. 1 21.2 18.6 22.7 19. 3 24.5 34.6
Spec. Gravity 0.92 0.928 0.928 0.812 0. 938 0.938
Arsenic - ppm 19. 6
Nickel ppm 6.4 6 6 2. 5
Iron - ppm 108 100 55 71. 2
Vanadium - ppm 6 3 1.5 0..37
C/H Ratio 7.3 7.42 7.34 7.,38
Pour Poi nt, F 80 80 90 70 83.5 85 80 80 60 85 65 75
Heating Value, Btu/lb 18,508 18,660
Distillation:
5 Vol. <S *F 378 445 200 390
10 Vol. % 1? F 336 493 438 497 275 360 465 400 520 530 278 322
20 Vol. % 9 F 430 560 529 589 410 480 565 600 610 354
30 Vol. % @ F 518 607 668 500 600 640 680 680 430
40 Vol. <i?*F 678 742 620 690 710 750 745
50 Vol. % 9 F 655 670 743 808 700 780 775 731 810 805 568 704
60 Vol. I!F 685 692 805 865 775 860 830 840 860 634
70 Vol. % 0 F 705 865 918 850 935 980 910 682 782
80 Vol. II! 'F 935 984 920 1020 960 980 712
90 Vol. % @ F 1030 1065 1040
95 Vol. % 0 F 1099
Reference 11 446 52 52 447 30 448 449 450 134 442 449
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Table 76
Properties of In Situ Crude Shale Oils
Oxy USBM USBM Oxy Oxy Oxy
Carbon - Wt. % 84.86 84.60 84.86
Hydrogen - Wt. % 11.80 12.08 11.80
Oxygen - Wt. % 1.13 1.18
Nitrogen - Wt. % 1.50 1.55 1.41 1.5
Sulfur - Wt. % 0.71 0.59 0.72 0.71
Gravity, API 25 28.4 28.4 24.3 25






Pour Point, F 40 40 40 65 70
Heating Value, Btu/lb
Distillation:
5 Vol. % @ F
10 Vo.. % 0 F 440
20 Vol . % 0 F
30 Vol . % 9 F 600
40 Vol. % 9 F
50 Vol. % 9 F 700
60 Vol. % 9 F
70 Vol. % 9 F 770
80 Vol. % 9 F
90 Vol. % (s> F 920
95 Vol. % 9 F















Paraho Retort Crude Shale Oil
Whole Crude Characteristics
Physical Properties:
Gravity ( API) 19.3 (D287)
Spec. Gravity (60/60) 0.9383 (D287)
Pour Point F 85. (D 97)
Viscosity (cs G> 210 F) 6.38 (D445)
Viscosity (cs 9 140 F) 20.15 (D445)
Total Acid No.
mg. KOH/gm. 1.969 (D664)
BS&W, vol. percent 0.4 (D 96)
Asphaltenes, wt. percent 0.819 (ASTM 31)
Rams. Carbon, wt. percent 1.383 (D524)
Utimate Analysis:
Carbon wt. percent 84.90
Hydrogen wt. percent 11.50
Oxygen wt. percent 1.40
Nitrogen wt. percent 2.19
Sulfur wt. percent 0.61*
*Corrosive Sulfur:
(H2S-S 248 lbs/1000 bbl.)











D 285 Hempel Distillation of Whole Crude Shale Oil































Vol. percent of 500 + residue





























IBP-165 85. 0.65(e) 0.32 0.45 0.46 0.46
165-380 39.5 0.8275 0.70 1.15 0.80 1.26
380-480 34.2 0.8540 4.95 6.10 5.40 6.66
480-520 30.33 0.8745 33.10 9.20 3.33 9.99
520-600 28.6 0.8838 9.47 18.47 10.09 20.08
600-650 23.7 0.9117 6.46 225.13 6.67 26.75
650-700 22. 0.9218 6.08 31.21 6.21 32.96
700-750 20.22 0.9328 6.13 37.34 6.18 39.14
750-800 29.7 0.9358 7.55 44.89 .60 46.74
800-843 17.7 0.9484 15.57 60.46 15.45 62.19
843 + 12. 0.9861 39.54 100.00 37.74 99.93






















IBP-165 .32 .138 .0004
165-380 .70 1.33 .009
380-480 4.95 1.34
.066
480-520 3.10 1.47 .046
520-600 9.47 1.76 .167
600-650 6.46 1.74
.112
650-700 6.08 1.82 .111
700-750 6.13 2.33 .143
750-800 7.55 2.07 .156
800-843 5.57 1.99 .310
843 + 39.54 2.60 1.028
Total 99.87 2.148 wt. percent
Whole Crude Total Nitrogen 2.19 wt. percent
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Tablle 81



















IBP-165 .32 0.93 .003
165-380 .70 1.15 .008
380-480 4.95 0.75 .037
480-520 3.10 0.84 .026
520-600 9.47 0.67 .063
600-650 6.46 0.69 .045
650-700 6.08 0.68 .041
700-750 6.13 0.63 .039
750-800 7.55 0.55 .042
800-843 5.57 0.53 .083
843 + 39.54 0.52 .206
Tot:al 99.87 0.593 wt. percen
Whole Crude Total Sulfur 0.61 wt. percent
Table 82


















-165 .32 3.29 .010
165-
-380 .70 0.52 .002
380-
-480 4.95 0.66 .033
480-
-520 3.10 0.72 .022
520-
-600 9.47 0.98 .093
600-
-650 6.46 0.48 .031
650-
-700 6.08 0.77 .047
700-
-750 6.13 0.32 .020
750-
-800 7.55 0.67 .051
800-
-843 15.57 1.96 .305
843+ 39.54 0.82 .324
Total 99.87 .938 wt. percent
Whole Crude Total Oxygen Content 1.4 wt. percent
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Table 83
Metals, Carbon and Hydrogen Analysis on Crude Shale Oil
Metal Analysis
Sample Nickel, |ppm Vanadium, ppm Iron, ppm Arsenic, ppm
165-380 1.86 .02 7.0, 6.9 0.0
380-480
.44,
.57 .02 11.8, 9.6 0.0
480-520 .49 .02 31.2, 33.2 0.0
520-600
.18, .20 .02 4.59, 4.77 0.0
600-650 .15, .19 .02 3.9, 3.6 0.0
650-700
.20, .26 .02 5.7, 6.1 0.0
700-750 .25, .29 .02 8.5, 9.1 0.0
750-800
.37, .39 .02 6.3, 6.3 0.0
800-843
.72, .69 .02 11.4, 10.1 0.0




Sample Wt. % C Wt. % H C/H
IBP-165 84.36 13.42 6.29
165-380 83.84 12.63 6.64
380-480 84.16 12.54 6.71
480-520 83.29 12.31 6.77
520-600 83.98 12.26 6.85
600-650 84.05 11.93 7.05
650-700 84.92 11.78 7.21
700-750 84.39 11.44 7.38
750-800 85.05 11.34 7.50
800-843 85.72 11.65 7.36
Samples obtained from 8 gallon still,
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Table 85
Summary Data Comparing the Retorting of Colorado






Spent shale discharged, tons
Air rate (dry), scfh
Air rate (dry), scf/ton shale
Recycle gas rate (dry), scfh
Recycle gas rate (dry), scf/ton shale
Stack gas rate (dry), scfh
Stack gas rate (dry), scf/ton shale
Gas produced in retort, scfh
Gas produced in retort, scf/ton shale
Oxygen content of retorting gas, pet
Superficial gas velocity through
2
retort, sefm/ft
Max. P across retort, in.
Max. bed temperature, F




















Oil water emulsion, lb
Water in oil , lb
Oil recovered, lb
Oil recovered, gal














































Heavy distil alte, vol-pct
Residuum, Vol-pct
Specific gravity, 60 /60
Gravity, API
Pour point, F










































































Value is low. Newer GC equipment consistently indicates
values of 4 to 6 volume-percent.
Lower than 0.01 volume-percent. Not indicated by mass
spectrometry.
3Value is low, probably due to H9 error. Normally, values of
3
25 to 30 Btu/ft are calculated.
122
Table 86

























































Total out 25,470 100.0 30,810 100.0
Material recovery, pet 101.8 102.7
vals. These concentrations are likely attributable to
the high sulfur content of the parent shales in which
mineralogical analysis indicates a uniform distribu
tion of pyritic nodules. Special precautions were
taken by operating personnel to avoid possible
contaminated areas that may have developed
through gas leakage from the retorting system.
After passing through the offgas oxidizer, all of the
potentially hazardous gas components were incinera
ted.
tion appears to be the most effective means for
removing nitrogen and sulfur heteroatoms from
shale oil.
Trace Elements
An in-depth study of the trace elements found in
crude shale oil has been conducted by the Denver
Research
Institute.1*96
The study determined that
Sulfur and Nitrogen
The sulfur and nitrogen contents of raw shale oil
are relative high, in comparison with conventional
petroleum. Typical sulfur and nitrogen contents of
various shale oil products are shown in Table 87.
Additional data regarding the concentration of
sulfur and nitrogen may be found in the previous
section.
Poulson'*9'*
suggested that the nitrogen and
sulfur levels are both affected by the retorting
method, with the nitrogen level varying over a wider
range than the sulfur level. Particle size of the feed
shale, maximum temperature, heating rate, retort
ing time, and retorting atmosphere all probably have
some effect on nitrogen and sulfur levels in oil
products. Poulson also noted that in crude shale
oils, the sulfur distribution is rather uniform
throughout the boiling range, but nitrogen is more
concentrated in the heavier fractions.
The principal nitrogen-containing species in shale
oils are pyridine types and pyrrole types, according
to Poulson. Small amounts of amides, arylamines,
and nitriles have been detected.
Hydrodenitrifica-
Table 87
Nitrogen and Sulfur Contents







Gas Combustion 2.14 0.7
TOSCO II 1.90 0.9







Fischer Assay 1.95 0.7
Equity In Situ .53 0.5
USBM In Situ 1.40 0.7
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the trace elements may be present in organic
compounds or complexes, or may be found in
suspended shale fines. A summary of the represen
tative levels of trace elements in shale oil is shown
in Table 88. It was found that more than five
percent of the mercury, antimony, and arsenic and
more than one percent of the cadmium, selenium,
molybdenum, cobalt, and nickel originally present in
the raw oil shale exists in the shale oil. On the
other hand, less than 0.001 percent of the calcium,
magnesium, and silicon in the raw shale is found in
the product oil. These data suggest that most of the
Class I elements in shale oil are not associated with
suspended fines, but rather exist as organic com
plexes or insoluble minerals whose composition is
different from that of the raw or spent shale.
Furthermore, with the exception of arsenic, the
Class I elements exist at levels in shale oil compar
able with those in conventional petroleum oils.
Due to the relatively high arsenic content of
crude shale oil compared with conventional petro
leum, much concern has been expressed regarding
the likelihood of refining problems, especially cat
alyst poisoning. Therefore, a considerable amount
of effort has been directed toward removing arsenic
Table 88
Representative Levels of Trace





























from raw shale oil prior to refining. In U.S. Patent
4,029,571, the Atlantic Richfield Company disclosed
a process for removing arsenic and selenium con
taminants from shale oil. In addition removing these
materials, the process is also said to lower the pour
point significantly.
The Atlantic Richfield process involves the
treatment of raw shale oil with hydrogen at a
temperature of 800F under a pressure of 1400 psig.
Hydrogen is charged to the process at a rate of 1000
standard cubic feet per barrel of oil. The shale oil
feed in the laboratory tests had an arsenic content
of 17.4 ppm and a pour point of 75F. The liquid
product had an arsenic content of 2 ppm and a pour
point of F.
Optical Activity
The optical activity of shale oils prepared by
retorting at different heating rates has been investi
gated by
Lawlor.539
Shale oils are deeply colored,
and thus are not easily amenable to optical activity
measurement. However, the optically active mole
cules (steranes and di-, tri-, and tetraterpanes) are
found in the transparent saturate fraction on which
measurements can be made. These molecules
degrade to optically inactive mixtures during retort
ing. Hence, any measurable optical activity pro
vides a clue as to the severity, temperature, and
possibly heating rate during retorting.
Lawlor obtained optical activity values ranging
from 1.90 to 3.26 (degrees specific rotation) at 3000
nm wavelength, using a 10-cm, strain-free quartz
cell in a Jasco J-20 spectropolarmeter in the optical
rotary dispersion mode on saturate fractions of shale
retorted at various heating rates. He noted a
correlation of the values with the temperature
attained during retorting.
REFINED SHALE OIL
Because of the high pour point, viscosity, and
nitrogen and oxygen contents of crude shale oil, it is
not a premium grade feedstock for a conventional
refinery. To convert the raw shale oil into a more
desirable feedstock, it must be upgraded, or partial
ly refined, using proved refining techniques. Thus,
there are three different levels of shale oil refining,
any or all of which may be used for a particular
situation:
Conversion to a pipelinable product to facili
tate transport to distant refining installa
tions.
Upgrading to produce a low sulfur, low
nitrogen, premium-grade refinery feedstock.
Complete refining of crude shale oil or some
intermediate into useable end products.










bbl. /stream day to heater





Coke chamber Flash chamber Fractionator







S.U.S. 9 130 F
S.U.S. 9 210 F
Sulfur wt. percent
Nitrogen wt. percent
Tar acids vol . percent
Tar bases vol . percent
Cetane No.
Octane No., M.M. , clear
+ 1 cc. T. E.L.
+ 3 cc. T. E.L.
Octane No., Res. , clear
+ 1 cc. T. E.L.
+ 3 cc. T. E.L.
Hydrocarbon anal ysis:
Olefins vol . percent





10 percent; at F
20 percent; at F
50 percent; at F
90 percent; at F
E.P.










































































gas oil Coke Gas Loss
46.7










or coking crude shale oil is
heated to crack the hydrocarbons, producing
a coke-like material plus a light oil which has
a low pour point. This method is rather
unattractive because of the severe losses due
to production of low-value coke, with rela
tively small yields of product oil.
Addition of pour-point depressants these
are proprietary compounds which are said to
reduce the pour point of crude shale oil. It is
not an overly attractive alternative, as little
is done to improve quality.
Hydrogenation a minimal amount of hydro-
genation may be used to remove the sulfur
and nitrogen compounds which are the cause
of the oil's high pour point. The product oil
may then be burned directly as fuel oil or
further refined into other end products.
Much of the pioneering work in the area of shale
oil upgrading by coking was conducted by the U.S.
Bureau of Mines in conjunction with the Anvil Points
retorting operation.
1"t 6
Both crude shale oil and
cracked residuum were used as feedstocks for the
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Table 90
Product Gas Analyses, Once-Through































coking tests. By coking crude shale oil, a pipelinable
distillate was produced, along with streams
which
could be used for thermal cracking, catalytic crack
ing, and hydrogenation. Coking of the residuum,
followed by further cracking or hydrogenation of the
coker distillate, would yield gasoline which could be
combined with the gasoline-range products from the
previous crude cracking operations. Tables 89 and
90 show the yields and properties of the liquid and
gaseous products from the once-through coking tests
performed by the USBM.
Some of the most extensive data regarding the






former reference relates to the production of
military fuels from 10,000 barrels of crude shale oil
from the Paraho retort. Prior to the refining of the
oil at the Gary Western refinery at Gilsonite,
Colorado, SOHIO conducted detailed preprocessing
studies on a pilot plant scale. A flow diagram of the
preprocessing equipment is shown in Figure 90.
The distillation results showed a yield of 66.7
weight percent 700 F+ material. Gas yield was 0.16
weight percent of the raw shale oil charge and
naphtha yield was 2.13 weight percent. Nitrogen
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Figure 90. Flow Diagram of Shale Oil Preprocessing Equipment
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content increased with boiling point, with the
bottoms product containing 2.35 weight percent
(2.19 wt. percent in feed). Sulfur content decreased
with boiling point, with the naphtha containing 0.85
weight percent and the bottoms having 0.52 weight
percent (0.61 percent in feed).
Coking tests were performed under both mild and
severe conditions. The severe conditions provided
more favorable results, producing 28.5 weight per
cent coke, 20.8 weight percent gas, 34.9 weight
percent light gas oil, and 12.4 weight percent heavy
gas, based on the weight of charge. The coker gas
oils were then recombined and redistilled in another
distillation unit to yield four different fractions,
three of which were used in further hydrogenation
processing. A weight balance summary for the more
severe coking run is shown in Table 91.
Three distillation fractions were hydrogenated;
400-600F, IBP-400F, and 600-700F. The first
feed contained 1.51 weight percent nitrogen and the
composite product contained 0.288 weight percent.
Net makeup hydrogen consumed averaged 1,370
standard cubic feet per barrel. The IBP-400F feed
contained 0.51 weight percent sulfur and 0.678
weight percent nitrogen, whereas the hydrogenated
product contained only 30 ppm sulfur and 24 ppm
nitrogen.
The combined hydrotreated product had an API
gravity of 43.5 degrees, with a nitrogen content of
0.32 weight percent and a sulfur content of 60 ppm.
This product was essentially equivalent to refinery
intermediate product streams. For the production
of military fuels, the composited fractions
from IBP
to 600F were used to produce gasoline, JP-4, JP-5,
and Jet-A fuel. The 600-700F fractions served as
feedstock to produce diesel fuel (DF-2) and diesel
fuel marine (DFM). In the preprocessing studies,
heavy fuel oil was produced using raw
unhydrogenat-
ed shale oil, principally that material uncharged
to
the coker following the coking runs.
During the actual refining of the 10,000 barrels
of crude shale oil, the results of the preprocessing
studies were used to modify the existing refining
equipment and establish operating conditions. The
hydrotreater used cobalt-molybdenum catalyst and
the reformer used a Chevron platinum-based cata
lyst. From the 8,505 barrels of crude shale oil










The physical and chemical properties of the
products are shown in Tables 92 through 96.
While none of the fuels produced during the
refinery runs met all of the specifications, the tests
Table 91
Weight Balance Summary




































Wax Tailings 3.35 3.42 2.28 18.0 2.26
Coke 27.97 28.57 19.06 - -
Loss 2.10
700
+ Charge 100.00 100.00 66.69
Light and heavy gas oils were combined and redistilled in Hypercal ( ^ TBP) to define the yields for the same
boiling-range cut points as were used for the virign crude shale oil and for Coking Run #1.
*2. 10 Wt. percent loss normalized uniformly over proucts.
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Table 92
Physical and Chemical Properties
of










Corrosion 1A @ 3 hr:5/50 C 1A <a 3 hrs/50 C 1.0 (max)




Total sulfur 30 PPM 30 PPM 1000 PPM
Mercaptan sulfur 2 PPm 2 PPM --
Oxidation stability 360+ min 360+ min 480 (min)
(Induction)
Existent Gum (Unwashed) 2.8 2.2 4.0 (max)
Octane (Motor) 81.6 81.8 83.0 (min)
Octane (Research) 90.6 90.7 91.0 (min)
Total nitrogen 30 PPM 30 PPM --
Gross heat of combustion 19,013 Btu/lb




Aromatics 46.7 -- --
Note: Both samples water white clear and free of sediment.
Table 93

















Gross heat of combustion

















2.0 2.0 (min), 3.0 (max)
IB @ 3 hr/212 IB
-91.3 F 72 (max)
57.0 "API 45 (min)
0.7507 __
0.010 mg KOH/g 0.015
140 PPM __
115 PPM __
13 PPM 4000 PPM
2 PPM 10 PPM
10.6 1.0
46 __
10 mg/100 ml __
3.6 mg/100 ml _-
19,496 Btu/lb __
18,337 Btu/lb 18,400 (min)





87.9 Vol % 70.0 (max)
0.4 Vol % 5.0 (max)



































Physical and Chemical Properties
of JP-5/Jet A
Value


























-51 48.0 (max) -36
36.0(min)48.0(max) 39 - 51
0.8299-0.7753
0.015 0.1
140 105 (min)-150 (max)
15.0 (max) 16.5 (max)
4000 PPM (max) 3000 PPM












a - 1 gal in 825 min
b - before contamination






Physical and Chemical Properties
of Diesel Fuel Marine and DF-2
Property Value
Gravity API 32.8 API
Specific Gravity 0.8612
Conradson (10% btm) 1.21 Wt %
Rams bottom (10% btm) 0.60 Wt %
Total sulfur 0.44 Wt %
Total nitrogen 0.233 Wt %
Basic nitrogen 651 PPM
Corrosion 1A 9 3 hr/212
Ash 0.0000 Wt %
Aniline point 120.2 F
BS&W 0.1 Wt %
Cloud point To dark to see
Pour point 50 F
Viscosity 9 100 F 5.54 cs
Flash point 168 f*F
Acid No. 0.7 mg KOH/gm
Gross heat of combustion 18,974 Btu/lb




a. Distillation Residue Negative









Accelerated storage stability (a)
(Total Insolubles)






0.2 (max) 0.2 (max)
1.00 (max) 0.5 (max)
No. 1 ASTM 1
0.005 (max) 0.005 (max)
Record
0.01
30 (max) 10 above pour
point (max)
20 F (max) -10 (max)
1.8-4.5 cs 2.0-4.3
140 (min) 122 (min)
0.30 (max) --









2.5 mg/100 ml 2.5
a - Filtration discontinued after 2 hr. due to severe plugging
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Table 96
Physical and Chemical Properties













Gross heat of combustion

























































a - closed cup
b - Bauxite silica gel separation
c - Probably would not pass based on high pour point
d - NBTL heater
did demonstrate that it is feasible to produce a wide
range of civilian and military fuels from crude shale
oil, if appropriate modifications are made and
operational procedures are followed at a commercial
refinery.
Coke
The coke produced by the once-through coking of
raw shale oil has been analyzed by the U.S. Bureau
of Mines.
'tke
The moisture-free analysis is shown in
Table 97. The composition of the coker offgas is
shown in Table 98. Coking tests were also per
formed by Standard Oil of Ohio (SOHIO) in conjunc
tion with the processing of 10,000 barrels of shale
oil into military fuels. The results of these tests,
reported by Bartick1,1,2) showed that coke yield was
approximately 28.5 weight percent of the fresh feed
and the offgas had the composition shown in
Table 99.
Spent Shale
Spent shale is the solid waste material remaining
after retorting and other processing steps have
removed hydrocarbon values and possibly associated
mineral values from oil shale.
Each retorting process produces a specific spent
shale product. The Gas Combustion process, for
example, yields a coarse spent shale product con









Real specific gravity 1.38
Apparent specific gravity .97
Cell space. . . percent 29.7
C:H ratio 23.3
Table 99
Composition of Coker Off -Gas












































Product Gas Analyses, Once-Through



















It contains relatively few fines, some fusing of
fragments may be observed, and relatively little
organic carbon residue remains on spent shale
particles. As a second example, spent shale from
the TOSCO II process is finely pulverized, contains
relatively large amounts of residual carbon and
exhibits no fusion of particles.
The characteristics of the retort feed have some
effect on the properties spent shale. If the feed
shale contains soluble sodium minerals, several
soluble ions will be found in the spent shale. Sodium
compounds may contribute to fusion of spent shale
particles by lowering the softening temperatures of
certain inorganic mineral constituents of the feed
shale.
CHEMICAL ANALYSIS
Stanfield 1 1 reported the chemical analyses of
spent shales obtained from raw Colorado oil shale
using the Fischer Assay retorting process. The shale
grade ranged from 17.8 to 51.8 gallons per ton. The
data from these tests are shown in Table 100.
Except for its particle size range, spent shale
from the Fischer Assay process is generally repre
sentative of the spent shale from any indirect
heated retorting process. The residual carbon in the
spent shale represents a fuel which, conceivably,




Chemical Analyses of Spent Shales from Fischer Assays
Conducted on Colorado Oil Shale Samples
Grade of Original Oil Shale
Sample, g/t 17.8 19.5 22.3 29.8 36.6 38.0 51.8




















































The 10-ton and 150-ton retorts located at the
Laramie Energy Research Center are examples of
N-T-U retorts which have been operated in recent
years. One objective of the test program involving
these retorts was to investigate retorting of coarse
shale feed. Some fragments of shale feed measured
as large as 4 x 5 x-6 feet. The composition of spent
shale from the N-T-U retorts, as reported by
Carpenter,79
is shown in Table 101. The data
indicate that complete retorting was not obtained
inasmuch as the Fischer Assay of the spent shale
ranged as high as 16 gallons per ton. However,
several tests produced spent shale which assayed
zero gallons per ton.
The composition of spent shale from the Gas
Combustion retorting process, as reported by Mat
zick,
30
is shown in Table 102. While these data
concern oil shale feed assaying in the narrow range
from 25.9 to 28.9 gallons per ton, the organic carbon
remaining in Gas
Combustion process spent shale
would be expected to vary, increasing gradually with
the grade of oil shale fed to the retort.
The chemical analysis of spent shale from the
TOSCO II retorting process is
shown in Table 103.
This information was reported by the Denver Re
search Institute.
Relatively little information is available con
cerning the chemical analysis of spent shale from
the Union Oil retorting process. However, it has
been reported that the organic carbon content is
0.08 weight percent and the mineral carbonate
content is 0.50 weight percent.
TRACE ELEMENTS
All fossil fuels contain trace elements which may
be released into some product, by-product, or waste
stream upon processing. These elements, in suffici
ent concentrations, can have toxic effects on both
plants and animals. In addition, some processing
may involve the use of catalysts which also contain
large amounts of metallic elements.
A recent review of the trace elements present in
oil shale and its products was performed by the
Denver Research Institute (DRI) under contract to
the U.S. Environmental Protection
Agency.1*61
This
study showed that most elements are not converted
to volatile or oil-soluble substances during retorting
and are, therefore, retained in the spent shale.
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Table 101
Properties of Spent Shale from Laramie N-T-U Retort
Experiment number: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Fischer assay, oil, gal ton 16.2 7.6 4.92 0.1 0 0.3 0.8 0 0 1.2 1.31 0 0 0 0 0.95 0.3 0
Oil, wt pet 6.2 2.9 1.81 0.05 0 0.1 0.32 0 0 0.47 0 0 0 0 0 0.38 0.1 0
Fischer assay, water, gal ton 1.3 1.1 0.63 0.9 0.8 1.9 2.0 0.08 0 1.7 0.38 0.2 1.1 1.4 1.4 0.5 2.2 0.8
Hydrogen, wt pet 1.17 0.56 0.51 0.15 0.14 0.14 0.34 O.U 0.06 0.31 0.24 0.14 0.18 0.22 0.17 0.23 0.20 0.14
Carbon, total wt pet 13.23 8.78 8.04 4.87 4.99 5.53 5.14 4.04 2.85 6.34 5.36 4.00 6.02 7.12 4.33 7.19 2.41 3.62
Carbon, mineral wt pet 5.02 4.76 2.99 3.20 3.34 3.46 3.09 2.70 i.13 3.40 2.52 2.67 4.05 3.99 2.86 3.48 1.59 2.19
Carbon, organic wt pet 8.21 4.02 5.05 1.67 1.65 2.07 2.05 1.34 1.70 2.94 2.83 1.33 1.97 3.14 1.46 3.71 0.82 1.43
Carbon dioxide, wt pet 18.39 17.46 10.97 11.73 12.27 12.67 11.14 9.88 3.72 12.46 9.26 9.77 14.83 14.61 10.49 12.12 5.84 8.02
Ash, wt pet 71.71 77.46 83.69 86.87 87.30 84.33 85.82 88.77 95.61 83.04 88.34 88.67 82.91 82.29 87.62 83.95 92.82 90.61
Nitrogen, wt pet 0.32 0.17 0.21 0.12 0.12 0.10 0.12 0.09 0.06 0.19 0.13 0.08 0.12 0.14 0.08 0.21 0.08 0.09
Sulfur, wt pet 0.52 0.54 0.97 1.28 0.93 0.56 0.75 0.94 0.86 0.60 0.82 0.66 0.70 0.67 0.73 0.82 0.98 0.74
Mineral carbon dioxide,
wt pet 25.08 23.81 14.96 15.99 16.73 17.27 15.19 13.47 4.88 16.99 12.63 13.32 20.22 19.92 14.30 16.49 7.96 10.94
Water soluble carbonates,
wt pet 0.23 1.21 4.53 3.43 2.21 0.95 0.99 1.40 3.88 1.23 2.09 0 1.82 0.22 1.31 1.14 1.44 1.40
Water soluble bicarbonates,
wt pet 0.32 0.17 0.23 0.07 0.94 0.08 0.07 0.08 0.11 0.07 0.06 1.60 0.08 0.52 0.74 0.07 0.08 0.12








Minus 3.00 plus 2.00
Minus 2.00 plus 1.50
Minus 1.50 plus 1.050
Minus 1.050 plus .742
Minus .742 plus .525
Minus .525 plus .371
Minus .371 plus .263
Minus .263 plus .185








Raw and Retorted Shale Properties
Gas Combustion Process
25(1-5) 26(1-2) 26(3-5) 27(1-3) 28(1-4) 28(5-6)
gal/ton 28.9 25.9 26.8 27.3 28.8 27.8
wt pet 16.5 16.2 16.5 16.5 16.5 16.5
inches 3/8 to 3 1 to 2 1 to 2 1 to 2 1 to 2 1 to ;
wt pet 10.6 __ _ _ _.
wt pet 29.0 -- 0.1 -- --
wt pet 18.5 49.2 38.0 36.5 40.0 __
wt pet 14.3 38.1 43.4 40.3 42.0 28.1
wt pet 9.8 9.6 15.1 17.4 15.3 45.3
wt pet 7.2 0.8 1.3 1.6 1.0 23.6
wt pet 5.9 0.4 0.7 0.9 0.9 1.6
wt pet 2.1 0.3 0.3 0.5 0.2 1.3
wt pet 0.8 0.1 0.4 0.3 0.1
wt pet 0.4 0.3 0.2 0.2 _- --
wt pet 1.2 0.9 0.5 1.0 0.4 0.6
gal/ton 0.14 0.25 0.20 0.17 0.08 0.10
wt pet 15.1 14.7 14.6 14.9 15.2 15.3
wt pet 2.92 2.45 2.70 2.47 2.65 2.65
wt pet 18.0 17.4 17.5 17.3 17.8 18.1
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Table 103 HEATING VALUE
Chemical Analysis of Spent Shale from














Based on data from a variety of sources, DRI
calculated representative values of trace element







reported the gross heating values of
spent shale obtained from Fischer Assays of nine oil
shales of various grades. The reported values are
shown in Figure 91.
HEAT CAPACITY
Shaw25
determined the mean specific heat for
Fischer Assay spent Colorado shale, as determined
by the method of mixtures. This technique yields
the average heat capacity of a sample between the
initial and final temperature of the calorimeter
used. Increments of 100F from 150 to 450F were
investigated. The results are shown in Figure 92.
REACTION WITH CARBON DIOXIDE
The reaction kinetics between carbon dioxide and
char from Colorado oil shale have been investigated
with isothermal and nonisothermal methods by Burn
ham.529
The results were interpreted in terms of
the reaction of char with both externally supplied
carbon dioxide and that formed from the decomposi
tion of carbonates in the shale. It was determined
that oil shale char is approximately an order of
magnitude more reactive than both subbituminous
coal char and acid-leached oil shale char. A
significant catalytic effect by mineral matter in the
char was indicated. Chars produced by heating at
fast rates (more than one degree Centrigrade per
minute) tended to be more reactive than those
produced at slow heating rates. This lower re
activity was said to be related to oil coking. The
rate constants determined for the oil shale chars
were found to be about 15 times larger than those
obtained for Wyoming subbituminous coal chars,
some of the most reactive chars known.
ENTHALPY
Repntentative Value





















reported values for the enthalpy (heat
content) of spent shale and burned shale. The values
are nearly identical and are presented in Figure 93.
THERMAL CONDUCTIVITY
Tihen29
investigated the thermal conductivity of
both spent and burned shales. The results are
presented in Figure 94.
COMPRESSIVE STRENGTH
The compressive strengths of core samples of
Green River oil shale before and after retorting
have been reported by Dinneen.
ia,ls
The raw shale
samples displayed a high compressive strength which
appeared to be independent of direction relative to
the bedding plane. After heating to 510C (950F),
the leaner shales retained high compressive strength
values in both horizontal and vertical planes, indi
cating a high degree of inorganic cementation
between the mineral particles comprising each
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Figure 91. Gross Heating Value of Spent Shale
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Figure 93. Heat Content of Spent Shale Above 77F
























i i i i i
010 20 30 40 50 6
FISCHER ASSAY OF RAW SHALE, gal per ton
Figure 94. Thermal Conductivity of Spent
Shale and Burned Spent Shale
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lamina and between adjacent laminae. Dinneen
demonstrated that the compressive strength of rich
shale is quite low after the removal of organic
matter. Decomposition of the mineral carbonates at
815C (1500F) apparently does not greatly affect
the compressive strength. Dinneen's results are
presented in Table 105.
BULK DENSITY, PERMEABILITY AND
PARTICLE SIZE
The properties of spent shale from the Gas
Combustion retorting process were reported by
Ward.60
These properties are shown in Table 106.
The same author also reported the properties of
TOSCO II process spent shale. These are shown in
Table 107. The bulk density of spent shale from the
Union Oil process is 1.80 g/cc and the solid density
is 2.71 g/cc:
DISPOSAL AND USES
Once oil shale is mined, crushed, and retorted,
the spent shale must be used or disposed of in an
environmentally acceptable manner. The composi
tion and size range of the spent shale particles is
largely dependent on the type of retorting process
used, and these properties in turn determine the
possible uses and the method and ease of disposal.
Spent shale from an indirect heated retort will
contain an organic carbonaceous residue which
remains after the pyrolysis of the kerogen. Spent
shale from direct heated retorts, while most of the
residue may have been consumed in the combustion
process, may still contain a certain percentage of
the material. From a process in which none of the
residue is burned, the residual carbon generally
represents 300,000 to 900,000 Btu per ton of spent
shale. Thus, spent shale represents a probable
source of heat of potential value to retorting
facility.
Several uncertainties exist concerning retorted
shale combustion. First, retorted Green River shale
generally contains approximately 20 percent mineral
carbonates. If these carbonates were decomposed
during combustion of the spent shale, the resulting
endothermic reaction would consume most of the
energy available from the combustion of the residual
carbon. Another uncertainty is whether a small
amount of residual carbon (one to three percent)
dispersed through a relatively large particle will
burn and provide useable energy in practical quanti
ties. A third uncertainty closely allied with this
latter consideration is the residence time required
for complete combustion.
Even though the spent shale usually occupies a
greater volume than the raw in-place shale, it would
be desirable to place as much of the spent material
as possible back in the mine. Unfortunately, the
logistics of mining and the material handling costs
usually make such an option uneconomical. The
Superior Oil Company, however, because its process
removes such a large volume due to the recovery of
the sodium minerals, has
suggested1*58 that all of
the spent shale be returned to the mine to minimize
pillar creep. It is expected that with the proper
moisture content, all or part of the spent shale can
be returned to the mine and be packed completely to
the roof. It will then set up similar to shotcrete. In
this manner, mine subsidence would be prevented,
and unsightly waste piles would be eliminated.
Table 105
Compressive Strengths of Raw and
Thermally-Treated Oil Shales






Liters/Metric A B A B
4.2 1560 1364 1406 1343 1090 1048
27.1 2194 1997 1983 1842 1202 956
56.3 1870 1645 935 436 738 260
104.3 1294 1308 29 27 12 11
125.2 696 745 25 20 8 8
164.8 809 969 5 8 6 8
244.1 914 907 2 2 4 2
1/ Compressive strength perpendicular to the bedding planes.
2/ Compressive strength parallel with the bedding planes.
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Table 106
Certain Properties of Gas Combustion
Process Spent Shale





Bulk density, g/cc 1.44
Solid density, g/cc 2.46
Maximum size, cm 3.81
Minimum size, cm 0.00077
Table 107
Density, Permeability, and Particle Size
of TOSCO II Process Spent Shale
10
Geometric mean size, cm 0.007
2
Permeability, cm 2.5 x 10
Bulk density, g/cc 1.30
Solid density, g/cc 2.49
Maximum size, cm 0.476
Minimum size, cm 0.00077
By far the most popular and economically attrac
tive disposal method is aboveground disposal. This
technique simply involves dumping the spent shale
into existing canyons in the immediate vicinity of
the processing facility. There are several ad
vantages to this method. It allows for disposal of a
large volume of material with disturbance of a
relatively small surface area, some protection from
the elements is afforded, and the surfaces requiring
stabilization and revegetation are relatively small.
Furthermore, the bulk of the material is hidden from
view. The location, however, is in a natural
drainage path, and thus efforts must be made to
reroute natural water flows and minimize or elimi
nate the natural leaching of water soluble material.
Once disposal is complete in an area, the surface of
the pile could be revegetated with the appropriate
plant life.
In 1966, the Denver Research Institute was
awarded a grant by the U.S. Bureau of Mines, in
accordance with the provisions of the Solid Waste
Disposal Act, for a study of the disposal and uses of
spent shale. The final
report,82
submitted to the
Bureau in 1970, contained the following conclusions:
Before setting, retorted, burned, and mois
tened shale ash behaves like a sandy silt.
After setting, it becomes cohesive.
Compaction should be done within about 24
hours after moistening and before
the shale
ash sets.
The strength of the shale ash depends upon
the amount of cohesive hydrates
(tobermo-
rite, ettringite, and low
sulfate-sulfoalumi-
nate) formed. The differential scanning
calorimeter along with a calcium balance
is
suitable for hydrate analysis.




burning times from 1/2 second to two hours)
which will result in development of cohesion
in the shale ash. A burning temperature of
approximately 1300F at any burning time
will give optimum strength with lower water
additions than 30 percent.
Compressive strength increases with increas
ing compaction up to 100 percent of Proctor.
The storage temperature makes a little dif
ference on 220-day strength up to 170F but
short term (two-day) strength increases with
increasing storage temperature between 80F
and 170F.
Approximately 90 percent of the 200-day
compressive strength is reached in 16 days.
With ten percent moisture added to the shale
ash, which is approximately optimum, an
unconfined compressive strength on the order
of 100 psi may be obtained after 16 days
storage time.
The spent shale ash, if stored under adiabatic
conditions, will increase in temperature after
water is added over a period of approximately
two days. The temperature rise will depend
upon the temperature at which the shale was
burned and the temperature of the shale ash
when the water was added.
Triaxial pressure applied during the initial
set-up increases strength.
The relatively high concentration of mag
nesium oxide (compared to Portland cement)
does not appear to have any deleterious
effect on the compressive strength of shale
ash.
Leaching of calcium, sodium, and potassium
salts from a shale dump by heavy water
runoff is a potential problem which can
probably be prevented by construction of
retaining ponds.
Grinding the shale ash before moistening and
compaction greatly increases its set up
strength. Strengths of 2000 psi or more are
possible.
Gypsum additions do not increase the
strength.
The possibility of stength loss due to et
tringite expansion ("cement bacillus") caused
by sulfate attack should be considered.
Immersion of well-burned shale ash somewhat
weakens
1160
F burned BM ash and
strengthens higher temperature burned com
pacted material at 10 and 20 percent water
additions but always a strength loss was
obtained on immersion of 30 percent water
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containing ash over its possible unimmersed
strength. The final 30-day immersed
strengths were always above about 50 psi,
however, and often much greater.
Additional research was conducted on the above-
ground disposal of spent shale by Colony Develop
ment Operation. The results of these studies were




has reported that spent shale from the
TOSCO II process can be compacted to a density of
approximately 100 pounds per cubic foot, compared
to 60 pounds per cubic foot as discharged from the
retort. The author also found that the TOSCO II
material is also difficult to wet. Spent shale solids
placed in a plastic cylinder under a head of two cm
of distilled water displayed water penetration to a
depth of only 1-1/2 inches after five days.
Once the spent shale pile is constructed, com
pacted, and protected from water infiltration, it is
desirable to revegetate the surface.
Schmehl80
has
reported on the salinity and fertility of spent shale
from both the Gas Combustion and TOSCO II
retorting processes. Data related to the Gas
Combustion process are shown in Table 108, and
data related to TOSCO II shale are shown in Table
109.
During recent years, much research has been
conducted by Colorado State University dealing with
the revegetation of spent shale. This research
indicated that the high salinity of the spent shale
was one of the most important hinderances to
revegetation. Water percolation tests on unweath-
ered TOSCO II spent shale, conducted by Colorado
Stae University as part of a comprehensive
rainfall-
runoff experiment to determine pollution, showed
that from 12,500 grams of spent shale held under a
constant head of two cm of distilled water in a
plastic tube 120 cm in length and 10 cm in diameter
and equipped with a bottom outlet for collection of
leachate, the dissolved salts reported in the leachate
were as shown in Table 110. Based on this and other
research, it was concluded that between three and
four feet of water leached through a two to four-
foot rooting zone would be the minimum required to




also showed that spent
shale is deficient in both nitrogen and phosphorus
and therefore some degree of fertilization would be
necessary for successful revegetation. It was also
found that the surface temperatures which the black
spent shale may attain (140-150F) may adversely
affect the revegetation process.
Retort Water
When oil shale is retorted and shale oil is
collected from the offgas stream, some water is also
recovered; the quantity varies somewhat with the
collection equipment used. According to Stan
field,
: 1
the water collected from Fischer Assay
retorting ranges from 0.5 to 1.5 weight percent, or
10 to 30 pounds of water per ton of shale, or 1.2 to
3.6 gallons per ton of shale. Cook
8<t
has stated that
up to ten gallons of water per ton of shale may be
produced during retorting.
The composition of the retort water varies
substantially depending on the retorting process used
and the nature of the shale feed. Table 111, from
Cook,
81*
shows the composition of water from three
different retorts. The pH of the water in each case
was approximately 8.8. The Denver Research




proximate composition of retort water from both in
situ and aboveground processes. These compositions
are shown in Table 112.
Cook81*
also reported on his study of retort
water from the TOSCO II process dealing with the
alkanoic acid content. He determined that straight-
Table 108
Fertility and Salinity Analyses of Gas Combustion
Process Spent Shale





















9.0 8.6 9.2 31.4 5.6 360 4.7 40
241 Gas
Combustion
22.0 8.7 9.0 31.2 3.6 400 5.8 40
243 Gas
Combustion
12.0 8.7 0.9 30.8 3.6 400 2.9 40
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Table 109













































(1) Conductivity of the solution removed from spent shale
saturated with distilled water.
(2) Not determined.
(3) Includes all materials that react with dilute HpSO*.
Table 110
Soluble Salts in TOSCO Process Spent Shale












sample (cc) (cc) (umhos/cm @25C)
254 254 78,100 35,200 3,150 4,720 90,000 3,080
340 594 61,600 26,700 2,145 3,725 70,000 1,900
316 910 43,800 14,900 1,560 2,650 42,500 913
150 1,060 25,100 6,900 900 1,450 21,500 370
260 1,320 13,550 2,530 560 500 8,200 250
125 1,445 9,200 1,210 569 579 5,900 138
155 1,600 7,350 735 585 468 4,520 138
250 1,850 6,825 502 609 536 4,450 80
650 2,500 5,700 -- -- -- -- --
650 3.150 4,800 -- -- -- --
650 3,800 4,250 -- -- -- --
760 4,560 3,850 -- -- -- --
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Table 111










Ammon i a 2.4
Sodium 1.0 3.1 .5
Carbonate 14.4 19.2 20.8
Carbon, total 18.5 6.4 6.7
Chloride 5.4 13.4 1.8
Nitrate Trace Trace Trace
Nitrogen, total 10.2 5.4 3.0
Sulfate 3.1 4.5 1.2
Sulfur, nonsulfate 1.9 .3 1.0
1/ Separated from gas combustion retort oil.
2/ Separted from an oil produced by in situ retorting.
3/ Separated from an oil produced in a 150-ton batch retort.
chain carboxylic acids accounts for 82 percent of all
alkanoic acids found in the water. Table 113 identi
fies the acids found in the retort water samples.
The total represents 100 mg of acids per kg of shale
feed.
A study of the trace elements present in retort
water has been conducted by the Denver Research
Institute.1*96
Typical trace element concentrations
are shown in Table 114, although the actual values
vary somewhat depending on the retorting process,
operating conditions, and in-plant treatment proces
ses used. The study pointed out that the fate of
these elements is dependent on the method of
disposal. From a trace element standpoint only, the
retort water could probably be disposed of directly
to surface waters; however, other considerations
will eliminate this possibility. If ponding and
evaporation are used, the elements will tend to
concentrate in the remaining water. From a trace
element standpoint, the water could be injected
underground, but other considerations eliminate this
method. If the water is used to moisturize spent
shale, the elements will be largely immobilized by
the alkaline nature of the shale, and water-soluble
species can be controlled by adequate compaction
and elimination of water infiltration.
Retort Gases
Retort gases are defined as the mixture of gases
from an oil shale retort which remain after particu
late matter and condensed liquids have been re
moved. Each retorting process produces a specific
product gas. The direct heated, or internal com
bustion, processes yield gases which are diluted with
nitrogen from the air which is admitted to support
combustion. Gas from indirect heated retorts, on
the other hand, are essentially free of nitrogen
dilution. General characteristics and yields of pro
duct gas from direct heated and indirect heated
retorts are summarized in Table 115. For more
information on specific retorting processes, please
refer to the description of the process in the
retorting section.
Under contract to the U.S. Environmental Pro
tection Agency, the Denver Research Institute
conducted studies of the trace element content of
retort gases. Their findings, as shown in
Table 116, indicate that only a very small fraction
of arsenic, mercury, iron, chromium, and zinc
originally in the shale appears in the retort gas.
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Si 7 icon N.A.








2,400 - 23,800 (calc.)


































Carboxy lie acids 18
Totals 100 Mg. acids
per Kg. feed shale
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Table 114
Levels of Minor Elements in Retort Water
Indirect Heated Retorts
Element Gas Combustion Simuilated In -Situ Retorts Paraho
Be __
Hg .01 .01 .39 .01 .02 -- --
Cd -- .001 .003 -- --
Sb .007 .007 .016 --
Se .005 .01 .98 .096 0.7
Mo .47 .1 .006 0.1
Co .37 .07 .65 .005 .04
Ni .26 1 .03 .2
Pb .01 .1 -- .03 0..1 .002 .2
As .26 6 6 2 0..3 1.0 1
Cr .012 .02 .02 -- -- .007 .3
Co .003 .007 -- .2 5 .16 .2
Zr .02 .07 -- .003 --
B .26 6 .44 5
Zn .04 .4 .43 5 1 .045 .4
Li -- .3
.006 1
V 1.2 .07 --
.002 .03
Mn .023 .1 --
.019 .3
F -- 25 --
.3 7
Ba .03 .05 .13 .09 2
Fe .49 25 1 5.7 5
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Table 115
General Characteristics and Yields of Retort Gas Products
Type of Retorting Process
Internal Combustion - Indirect Heated





Combustion- Combustion- Process Assay 4/
Nitrogen- 60.1 62.1 .. _ _
Carbon monoxide 4.7 2.3 4.0 5.5
Carbon dioxide 29.7 24.5 23.6 36.5
Hydrogen sulfide 0.1 0.1 4.7 3.7
Hydrogen 2.2 5.7 24.8 18.7
Hydrocarbons 3.2 5.3 42.9 35.6
Gross Heating Val ue,
Btu/scf 83 100 775 758
Molecular Weight 32 30 25 --
Yield, scf/bbl oi
1^7





Includes oxygen of less than 1.0 volume percent.
First analysis reflects relatively high-temperature retorting in
comparison with second, promoting higher yield of carbon oxides
from shale carbonate and relatively high yield of total gas.
Oil from the retort.
26.7 g/t shale.
Table 116
Trace Elements in Retort Gas
from the LERC Ten-Ton Retort
Amount in Amount Percent
Raw Shale in Gas Initial
Element grams/ton mg/ton of in Gas
%
Arsenic 32 7.5 0.02
Mercury .36 1.2 0.33
Iron 18,000 63 0.00035
Chromium 34 46 0.14







It has been estimated that the recoverable
reserves of coal in the United States contain ten
times more heat value than the Nation's combined
recoverable resources of petroleum and natural gas.
The most energy-efficient method to utilize coal is
to burn the material to produce heat, which 4n turn
can be used to do work. Unfortunately, it is not
always desirable, or even possible, to burn coal at
the site where work is required. Coal, in its raw
form, generates considerable ash upon combustion
and produces objectionable gaseous effluents due to
the impurities which may be present. The technol
ogy exists to reduce or eliminate these problems,
but current economics prohibit its use in all but
large scale operations. In addition, the handling and
storage of solids presents considerably more prob
lems than gases and liquids, especially since existing
materials handling systems are so well adapted to
the management of liquids and gases.
Thus, not only is the quantity of energy impor
tant in a particular application, but the form is of
importance as well. The "concentrated" energy
form of liquids is obviously the most desirable for
transportation fuels, especially in light of the
already well-established supply and distribution sys
tem. Gaseous fuels, because of their ease of
transport and existing distribution system, are logi
cal choices for home heating use. Solid fuels, such
as coal and char, are desirable as fuels for power
generation because the plant size and siting usually
make storage and pollution control more econo
mically viable.
Fuels which are liquid in their natural state, such
as crude oil, are quickly being consumed and
relatively few new sources are being discovered. In
the United States, the rapid depletion of domestic
reserves has led to the importation of increasingly
larger quantities of liquid fuel. Likewise, natural
gas supplies are being depleted and new reserves are
not being discovered at a rate sufficient to counter
act this decline. Not only does the United States
have significant reserves of coal, but coal has the
desirable property of being chemically transform
able from its solid state into liquid and gaseous fuels
which behave the same as similar fuels currently
being used. Each of these conversion processes is,
of course, energy-dependent, and will not yield "syn
thetic
fuel"
products with the same total energy
content as the raw material used. However, this
may be a small price to pay for the availability of
the fuel in the required form.
The following section addresses the full range of
coal-to-synthetic fuel topics. Under the proper set
of circumstances, any U.S. coal may be amenable to
conversion to liquid or gaseous fuels, and thus the
general characteristics and properties of coal and
coal deposits are discussed. The geology of coal
deposits is discussed not only as it applies to
conventional mining, but as it pertains to the
applicability of in situ conversion. The composition
of coal is discussed in detail, as it is an important
factor in the design of efficient and environmental
ly-acceptable conversion processes. Extensive data
are presented on both gasification and liquefaction
of coal. These data concern not only the technology
of the processes used, but the theory of the
chemistry and reactions involved in the basic con
version processes as well.
DEPOSITS
Origin
Coal was formed from partially decomposed and
subsequently metamorphosed plant remains which
accumulated in regions where there was luxuriant
growth under waterlogged or swampy conditions
which prevented complete decay of debris as it
accumulated. The differences in plant debris mate
rials and in the extent of decay of these materials
determined the types of recognizable components
present in coals, such as vitrain (from
"vitro"
meaning glass), clarain (from
"clare"
meaning clear
or bright), durain (from
"dur"
meaning hard or tough)
and fusain(meaning charcoal).
The debris from trees, ferns, rushes, lycopods,
and other species (several thousand plant species
have been identified in coal beds) accumulated and
was transformed into coal, in situ. Some material
such as spores, may have been water transported
from distant localities. Apparently, none of the
plants identified in coals were saltwater species.
The same kinds of plant remains are found in all
ranks of coal, but their relative amounts vary
widely. Of more than 1200 coals examined by
petrographers at Bituminous Coal Research, Inc., no
two coals were found to be the same in composition.
The accumulation of such plant debris gradually
forms peat, which is not considered to be coal,




tion is the progressive change in the vegetal remains
as they become transformed from peat to lignite and
through progressively higher ranks of coal to anthra
cite. The degree of coalification determines the
rank of the coal. This progressive metamorphism is
the result of pressure, temperature, and time.
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Both physical and chemical changes occur during
the coalification process. The physical changes
include compaction, hardening, lithification, joint
ing, color changes (brown to black), luster changes,
and fracture changes (from bedding to cleavage to
conchoidal). The chemical changes include loss of
water, oxygen, bitumens, and hydrogen, and increas
ed resistance to solvents, heat, and oxidation.
Lignite, the lowest rank of coal, was formed
from peat which was compacted and altered. Its
color ranges from brown to black and it is composed
of recognizable woody materials imbedded in pulver
ized (macerated) and partially decomposed veget
able matter. Lignite displays jointing, banding, a
high moisture content, and a low heating value when
compared with the higher ranks of coal.
Subbituminous coal is difficult to distinguish
from bituminous and is dull, black colored, shows
little woody material, is banded, and has developed
bedding planes. The coal usually cleaves parallel to
the bedding. It has lost some moisture content, but
is still of relatively low heating value.
Bituminous coal is dense, compacted, banded,
brittle, and displays columnar cleavage and a dark
black color. It is more resistant to disintegration in
air than are subbituminous and lignitic coals. Its
moisture content is low, volatile matter content is
variable from high to medium, and its heating value
is high. Several varieties of bituminous coal are
recognizable.
Anthracite, the highly metamorphosed coal, is
jet black in color, is hard and brittle, breaks with a
conchoidal fracture, and displays a high luster. Its
moisture content is low and its carbon content is
high.
Neither peat nor graphite are coal, but they
represent the initial and end products of the
progressive coalification process.
Location
Coal-bearing strata underlie approximately 13
percent of the land area of the United States and
are found in 37 of the 50 states. The thickness of
coal-bearing strata varies considerably, but general
ly they are less than 3000 feet thick. Figure 95
shows the distribution of the coal-bearing areas of
the continental United States and Figure 96 illu
strates the coal fields of Alaska. Figure 95 is taken




In as much as coal had its origin in the
accumulation and subsequent physical and chemical
alteration of vegetation, it can be considered a
sedimentary rock. It commonly occurs in "coal
measures"
consisting of alternating beds of sand
stone, siltstone, shale, and clay of either fresh water
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Figure 96. Coal Fields of Alaska
or brackish water origin. Based on studies of
present day peat deposits, which could ultimately be
converted to coal, the conditions necessary for
accumulation can be summarized as follows:
any other area of the U.S. and consequently this
region offers the greatest potential in terms of
naturally available resources to form a base for a
synthetic fuels industry.
Climate favorable to plant growth in a
swamp or marsh environment
Subsidence during accumulation permitting
further accumulation and compaction
Wet conditions necessary to exclude air
from much of the vegetal remains before it
decays, along with rapid accumulation to
inhibit bacterial action.
A sufficiently close proximity to an area
of
subsidence to permit burial by other sedi
ments and to avoid post depositional ero
sion.
SHALE PARTINGS AND SPLITS
During accumulation in the peat swamp, streams
periodically overflowed their banks and deposited
thin layers of mud and silt that are manifested today
as bands of siltstone or shale partings in the coal. If
the swamp was particularly close to a flooded river,
then the silt and mud deposits were relatively thick
and reestablishment of the swamp vegetation after
flooding resulted in splits in the coal
seams.5 lf't
DISTRIBUTION OF COALS IN THE
ROCK SEQUENCE
Although no commercially important coals
are
reported in strata older than Mississippian age, they
are present in strata of all geologic periods from
Silurian through Quaternary. Major coals of the
United States were deposited during the Carboni
ferous (Mississippian-Pennsylvanian), Cretaceous,
and Tertiary periods. The thicknesses of
U.S. coals
range from a fraction of an inch to over 150 feet.
The thickest coal seams are in the Powder River
Basin region of Montana-Wyoming. It is here that
the concentration of coal resources are greater
than
WASHOUTS
After deposition of the coal and burial by other
sediments, downward erosion by streams may re
move some of the coal. This is commonly referred
to as a
"cutout"
or "washout". This post-depositional
erosion may occur shortly after deposition or much
later. Subsequent to erosion, the channel may fill
with mud, silt, or sand. Channels which were active
in swamps commonly exhibit split coals immediately





Horizontal and vertical stresses operating on
strata results in folding of rock sequences and
sometimes failure under the stress, resulting in
fracturing and faulting. Folding may range in
intensity from a gentle tilt to completely overturned
rock sequences. Again, these may be exhibited
locally or on a regional scale. The inclination of a
coal seam is a very important consideration in
mining and in situ recovery. Faulting is important in
that it causes discontinuity of a coal seam. Dis
placements along fault planes can be measured in
inches, or in tens or hundreds of feet. The direction
of movement may be horizontal, vertical, or rota
tional.5^
CLASTIC DIKES OR CLAY VEINS
Clastic dikes are irregular, tabular masses of
clay, silt, or sand which interrupt the coal seam in
vertical or inclined planes. These
"horsebacks"
as
they are sometimes called, may range in thickness
from a fraction of an inch to several feet, with a
lateral extent of up to hundreds of feet. They may
extend into strata above and below the coal and
contribute to weakened roof conditions. In addition,
they represent waste material to be removed by
mining.s't't
ROLLS AND CONCRETIONS
A roll is a term applied when masses of the roof
rock protrude downward into the coal. The coal
thins under the roll but does not appear to have been
eroded. Generally, the rolls are small and seldom
exceed half the thickness of the coal and are
commonly only a few feet wide. Concretions are
common in coal as well as associated rocks and
consist of aggregations of minerals in spherical or
irregular forms. These concretions are generally
several inches wide, although they may reach sever
al feet across. The more common minerals which
form these concretions are calcite, dolomite,
side-
rite, and pyrite. Depending upon the size of the
concretions, roof stability may be affected. This is
due to differential compaction of roof material
around the concretions forming planes of weakened
slick surface material which may contribute to roof
failure.5 1*1(
MINE FLOOR AND ROOF STRATA
A significant factor in the mineability of coal
and its applicability to in situ recovery is the nature
of the roof and floor material. Claystone commonly
forms the floor material beneath the coal. If it is
too soft, then the weight of overburden on pillars
may cause plastic flow of the clay into the mined
out openings, resulting in floor heaving or squeezing.
The result is a closing of the opening due to a
descending roof and a rising floor. The material
forming the roof should remain stable for a required
length of time when timbered or roof bolted. The
most common roof types are shales and siltstones.
Some of these are relatively hard and constitute
stable roofs, while others may be soft, fractured,
and have numerous slips contributing to weakened
roof conditions. Generally, limestones and sand
stones are better roof strata, but variations in these







sources of coal in the United States contain approxi
mately ten times more heat value than the combined
recoverable resources of petroleum and natural gas.
A summary of the remaining coal resources of the
United States as of January 1, 1974, is shown in
Table 117. A breakdown of the total identified
resources by coal rank is provided in Table 118.
Data provided in both tables are from Averitt.
lt88
CLASSIFICATION
Because of the varieties of coals available, their
widespread occurrences, and the diversity of end
uses, numerous classifications of coal have been
developed. Coals have been classified according to
geological age, structure, recognizable coal-forming
plant materials, rank, volatile matter or fixed
carbon content, petrographic constituents, etc.
ASTM Classification By Rank
The ASTM Designation: D-388-77 is the standard
specification for classification of coals by rank. In
this system, classification is according to fixed
carbon content and calorific value calculated on a
mineral-matter-free basis. Higher rank coals are
classified according to their fixed carbon contents,
calculated on a dry basis. Lower rank coals are
classed according to their calorific values, calcu
lated on a moist basis. The agglomerating charac













0-3,000 feet of 1,849
overburden
3,000-6,000 feet of 388
overburden
Total 2,237
Total Remaining Resources 3,968
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Table 118













(mil lions of tons)
Bituminous 785,109 37,752 747,357
Subbituminous 486,986 1,220 485,766




Total 1,770,600 39,681 1,730,919
adjacent groups. Table 119 details the classifi
cation of coals by the ASTM method.
The following abbreviations are used to mark the




lvb low volatile bituminous
mvb medium low volatile bituminous
hvAb high volatile A bituminous






For classification of coal according to rank,
fixed carbon and calorific value are calculated to






(1) Dry, Mm-free FC = (FC - 0.15S)/
[100 - (M + 1.08 A + 0.55S)lx 100
(2) Dry, Mm-free VM = 100
- Dry, Mm-free FC
(3) Moist, Mm-free BTU = (BTU
- 505)/
[100 -(1.08A + 0.55S)]x 100
ASTM Approximation Formulas:
(1) Dry, Mm-free FC = FC/[100 + 1.1 A + 0.1S)]
x 100
(2) Dry, Mm-free VM = 100
-
Dry, Mm-free FC




Mm = mineral matter
Btu = Btu/lb (calorific value)
FC = percentage of fixed carbon
VM = percentage of volatile matter
M = percentage of moisture
A = percentage of ash
S = percentage of sulfur
"Moist"
= inherent bed moisture, not including
water adhering to surfaces of the coal.
Classification By Petrographic
Parameters
The ASTM classification system previously de
scribed is based on the relationship between calori
fic value and fixed carbon content. This system
serves effectively to classify coals having fixed
carbon contents greater than 69 percent. For many
purposes, it does not adequately classify coals below
this fixed carbon level.
Since a correlation has been found to exist
between chemical rank and maximum mean reflec
tance (see detailed discussion and explanation under
the heading "Coal Petrography"), petrographers have





for classification of coals by petrographic and
chemical parameters. The system simply relates
maximum mean reflectance of a coal to its calorific
value and its volatile matter content.
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Table 119





1. Low volatile bituminous coal
2. Medium volatile bituminous coal
Bituminous 3. High volatile A bituminous coal
4. High volatile B bituminous coal
5. High volatile C bituminous coal
1. Subbitumious A coal
Subbitumi- 2. Subbituminous B coal




Fixed Carbon Vol at le Matter Calorific yalue Limits,
Limits, percent Limits , percent Btu per pound
(Moist,0
(Dry, lineral- (Dry, Mineral- Minera -Matter-
Matter-Free Basis) Matter-F ree Basis)
Equal or
Free Basis)
Equal or Equal or
Greater Less Greater Less Greater Less
Than Than Than Than Than Than
98 2
92 98 2 8
86 92 8 14
78 86 14 22






















This classification does not include a few coals, principally nonbanded varieties, which have unusual physical and chemical properties and which
come within the limits of fixed carbon or calorific value of the high-volatile bituminous and subbituminous ranks. All of these coals either
contain less than 48 percent dry, mineral-matter-free fixed carbon or have more than 15,500 moist, mineral-matter-free British thermal
units per pound.
Moist refers to coal cont 'ning its natural inherent moisture but not including visible water on the surface of the coal.
If agglomerating, classify n low-volatile group of the bituminous class.
Coals having 69 percent or n. e fixed carbon on the dry, mineral-matter-free basis shall be classified according to fixed carbon, regardless of
calorific value.
It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions
in high volatile C bituminous group.
Volatile Matter, Percent, daf
50-
48 45 43+ 41+ 39
36~
32 29 26 23 21 19 17+ 16 15
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Coal petrography is the science concerned with
the description, classification, optical properties and
mode of association of coal components. Only those
aspects of coal petrography which have potential
value in the use of coal for conversion to synthetic
fuels are considered here. This includes a review,
with definitions, of the names of coal components,
the classification system generally accepted in the
U.S. for coal components, and discussion of the
relationship of coal's composition to its calorific
value, volatile matter content, and yields of gaseous
and liquid fuels.
There is no general agreement on the nomencla
ture for coal components or for a classification
system for coal. The terms and definitions used
here reflect the nomenclature in general use in the
United States.
The inorganic materials in coal are minerals.
The organic materials in coal are called macerals.
The minerals most commonly encountered in coal
are silicates, carbonates, and sulfides. The macerals
are of most interest to coal conversion. Each of the
macerals has rather distinctive physical and optical
properties and each displays a characteristic chemi
cal composition.
Lithologic Classes
According to ASTM Designation D-2796-77,
there are three major lithologic classes of coal:
banded, non-banded, and impure. Banded coal
contains visible bands of vitrain, the shiny black
vitreous material in coal. Vitrain bands are the
remains from single large fragments of ancient
plants. Also usually present in banded coal are
bands of fusain, layers composed of plant chips and
fragments. The matrix of banded coal which
contains the vitrain and fusain bands is called
attrital coal.
Non-banded coal displays a uniform texture
which appears to be fine-grained, never has a
brilliant luster, and consists of comminuted and
compacted sediments derived from plant detritus.
Non-banded coal is much less common than banded
coal in North America. There are two subdivisions
of non-banded coal, cannel coal and boghead coal.
Cannel coal is a non-banded coal in which the
resinous component consists of spore remains. Bog
head coal is non-banded coal in which the resinous
component consists of algal remains.
Impure coal is that having between 25 and 50
weight percent ash content, on a dry basis. Two
types of impure coal are bone coal and mineralized
coal. Bone coal contains clay or other fine-grained
mineral matter. If bone coal contains more than 50
weight percent ash, it is properly termed carbona
ceous shale or siltstone. Mineralized coal is impure
coal which is heavily impregnated with
mineral
matter. This may be dispersed or
localized along
fissures or cleat joints.
Macerals
Macerals are the "organic
minerals"
of coal.
They are recognizable under the microscope and are
classified sufficiently to permit petrographic
de
scriptions of various ranks of coal. In the United


















The U.S. Bureau of Mines uses a method,
developed by
Thiessen,157
to express coal composi
tion that is based on the concept that coal consists
of coalified woody fragments embedded in a matrix
of plant and mineral debris. Three main components
are recognized and designated by Thiessen. They
are:










Granules and amorphous matter
Fusain (splinters smaller than 37
microns)
3. Fusain (opaque bands greater than 37
microns)
Spackman158
integrated data on macerals and
their reflectance to produce the classification shown
in Table 120.
Application To Coal Conversion
The behavior of coal during combustion, carboni
zation, pyrolysis, or gasification depends upon the















Xylinoid Group 0.10- 0.39




Inertinite Semi -Fu si no id 0.20- 3.99
suite Group
Micrinoid Group 0.20- 8.00
Other distinguishing
characteristics-
Opaque in transmitted light.
Greyish-white in reflected light.
Translucent in transmitted light
-
usually
yellow, red or brown. Grey in reflected
light.




Dark grey in reflected light.
Coalified spore, pollen, cuticular or
endodermal




Black, dark grey to light grey in reflected light.
Characteristics essentially those of fusinite
(Stopes-Heerlen System).
Characteristics essentially those of
semi-
fusinite (Stopes-Heerlen System).
Characteristics essentially those of micrinite
(Stopes-Heerlen System).
1/ Descriptions for transmitted light refer to thin sections of standard thickness.
*
Spackman, W., "The Maceral Concept and the Study of Modern Environments as a Means of Understanding the
Nature of
Coal,"









coal. No two coals have exactly the same petro
graphic composition or exactly the same reactive
properties.
In the field of metallurgical coke production, the
coking potential of a coal can be determined
precisely if the quantities and types of macerals in
the coal are known. It follows that as more is known
concerning the reactivity of various macerals during
gasification or pyrolysis, the more efficient will be
our control of feed coal composition. Coal petro
graphy may find application in these industrial
processes.
There is a direct relationship between the reflec
tance of light from vitrinite and the calorific value,
volatile matter, content, gas yield, heating value of
gas produced, and oil yield of coal. In summary,
certain waxy and resinous constituents of coal are
reactive to coal conversion processes while other
constituents, such as fusinite and micrinite are
unreactive. Vitrinite, the major constituent of
coals, has a broad range of properties. As petro
graphy facilitates the quantitative identification of
all of the constituents of coal, it should find
increasing application as a means for explaining or




Sampling is the operation of removing a part (the
sample) from a whole which is of much greater bulk,
in such a way that the qualities of the sample to be
tested are the same as the qualities of the whole.
The theories of probability and sampling and their
application are complex. For a presentation on
these subjects the reader is referred to Taggart's
Handbook of Mineral Dressing, Wiley Handbook
Series. Just one salient rule of sampling will be
repeated here. That rule is: To obtain a representa
tive sample, all of the stream of material to be
sampled must be cut by the sampling device at least
part of the time.
The analysis of coal is complicated by the
heterogeneous nature of the material. Apart from
variations in rank, most coals are visibly heteroge
neous. The need to obtain representative samples in
small quantities by standardized methods is obvious.
The American Society for Testing and Materials
(ASTM) is the recognized American agency for the
standarization of methods of sampling coal. Their
procedures will be reviewed. USBM methods, not




ASTM Designation D-2234 describes the standard
methods for collecting a gross sample under various
conditions of sampling. The gross sample so
obtained must be crushed and further prepared for
analysis in accordance with ASTM Designation D-
2013.
Designation D-2234 describes general-purpose
procedures intended to provide a precision of 1/10
of the ash content of the coal sampled in 95 out of
100 cases. To obtain a stated precision in terms of
other constituents, special purpose sampling proce
dures should be used, which are also described.
The number and weight of increments to be cut
from the full cross section of the stream of coal to
be sampled are specified. The best possible incre
ment is a full cross section cut removed from a
stopped conveyor belt. For increments to be cut
from falling streams of coal, the geometry of
stream-cutting devices is illustrated. The top size
of the coal determines the number and weight of
increments for general purpose sampling. These are
shown in Table 121.
For quantities up to 1000 tons of coal, one gross
sample should represent the lot. For over 1000 tons,
a gross sample for each 1000-ton lot may be












Number of increments for the
first 1000-ton lot.
Number of increments required
for lots of greater than 1000 tons.
Table 121
Number and Weight of Increments
For Proper Sampling of Coal
Top Size
Mechanicall1 y-C leaned Coal
M inimum No.. of increments
M inimum wt of increments, lbs
Raw (Uncleeined) Coal
5/8" 6"
Minimum No. of increments





It is permissible to divide unwieldly gross sam
ples providing that the entire gross sample is
mixed
in a suitable blender (double cone or twin shell
tumbler), using the schedule previously presented
for
number and weight of increments.
All samples and subsamples for moisture deter
minations should be collected in such a manner that
there is no unmeasured loss of moisture. Adequate
weighings are required before and after operations
to record all significant weight losses.
The ASTM Designation D-2234 contains appen
dices which describe how to determine random
variance of one-pound increments and how to deter
mine the segregation variance, which is a variance
caused by non-random distribution of the ash con
tent in the sample.
ASTM PREPARATION TECHNIQUE
ASTM Designation D-2013-72 entitled, "Standard
Method of Preparing Coal Samples For
Analysis,"
covers the reduction and division of gross samples.
Three processes of sample division are covered.
They are:
Procedure A Riffles are used for division
of the gross sample and mechanical crush
ing equipmentfor the reduction of the
sample.
Procedure B Mechanical sample dividers
are used for the division of the sample and
mechanical crushing equipment for reduc
tion of the sample.
Combined Procedure A and B.
The apparatus to be used, precautions to observe,
procedures to follow, and the minimum allowable
weight of the sample at any stage are all specified
in detail.
Proximate Analysis
The proximate analysis of coal is the determina
tion of its moisture, volatile matter, ash, and fixed
carbon (by difference). It does not include determi
nations of sulfur, phosphorous, or any other consti
tuent. The procedures for determining the proxi
mate analysis are detailed in ASTM Designation
D 3172-73, entitled "Standard Method for Proximate
Analysis of Coal and
Coke,"
Moisture is determined by drying the sample at
104 to 110C for one hour, then weighing to
determine loss of weight. Volatile matter is
determined from the amount of volatiles driven
from a (covered) sample when heated to 950 20C
for seven minutes. Ash is determined from the
weight of residue remaining after heating a coal
sample to redness in air, then finishing to constant
weight at a temperature between 700C and 750C.
Fixed carbon is determined by difference by the
calculation:
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Fixed Carbon, percent = 100
- (96
+ % Ash + % Volatile Matter)
Moisture
As was noted previously, fixed carbon as deter
mined in the proximate analysis is used in the ASTM
system for classification of coals by rank. Coals
having 69 percent or more fixed carbon on the dry,
mineral-matter-free basis are classified according
to their fixed carbon content. Below 69 percent
fixed carbon, the classification is based on Btu
content.
Ultimate Analysis
The ultimate analysis of coal is the determina
tion of carbon and hydrogen (as found in the gaseous
products of its complete combustion), and the
determination of sulfur, nitrogen, and ash in the
material as a whole, and the estimation of oxygen by
difference. The procedures for determining the
ultimate analysis are detailed in ASTM Designation
D 3176-74.
VolatileMatter
The volatile matter of coal represents those
products (exclusive of moisture) which are given off
as a vapor when the coal is heated. The amount and
type of material given off will vary according to the
prescribed method and according to the type of coal.
The ASTM method for determination of volatile
matter in coal is contained in ASTM Designation
D 3175-77. By this method, a sample obtained by
prescribed sampling techniques is heated in a closed
crucible in an oven which maintains a temperature
of 950C. After seven minutes in the oven, the loss
of weight of the sample is determined. The loss of
weight, minus the moisture content, is considered
the amount of volatile matter in the coal.
The volatile matter content of coals generally
decreases as the rank increases from lignite to
anthracite. This is shown, with typical values
illustrated, in Figure 98, from
Averitt.1*88
The composition of the volatile matter evolved
from coal during pyrolysis varies widely depending
upon the temperature, the time of heating and the
type of coal. Table 122, from
Goodman,177
shows
the products produced by the pyrolysis of subbitumi
nous coal at various temperatures.
Fixed Carbon
Fixed carbon, by definition, is the material
remaining after determination of moisture, ash, and
volatile matter. Fixed carbon is a measure of the
solid combustible material remaining after volatile
materials have been expelled from coal. Fixed
carbon plus ash represent the approximate yield of
coke from coal. The fixed carbon value is arrived at
by difference between the weight percent of the
original coal and the sum of the percentages of
moisture, ash, and volatile matter. Figure 98
presents typical values for fixed carbon in each rank
of coal.
Mineral Matter
In a study of mineral matter in coals conducted
for the Office of Coal Research by the Pennsylvania
State University
: 8
it was concluded that all of the
inorganic minerals known to be associated with coal
occur in six characteristic groups. The groups and
the mineral species within each group are listed in
Table 123.
The analysis for mineral matter in coal is
generally done by ashing the coal and analyzing the
ash. Chemical composition is then expressed as
oxides of aluminum, iron, calcium, magnesium,
titanium, sodium, and potassium.
In the higher rank coals, the
crystallographically-
distinct inorganic minerals present constitute the
great bulk of the total inorganic matter present. In
the lower rank coals, and particularly in lignites and
brown coals, more than 50 percent of the
ash-
forming constituents may be present not in
crystal-
























































Figure 98. Moisture, Volatile Viatter, and




Assay Yields from Carbonization of
Dried Elkol Mine Subbituminous Coal
At Various Temperatures



















Net gas yield, maf cu ft/lb





400 500 600 700 800
99.9 100.0 99.9 100.3 100.0 100.1
900
99.8
264 641 554 503 481 457
1,000
98.2 85.7 70.4 63.0 60.9 60.3 59.5 59.0
0.9 4.6 9.1 10.3 10.9 10.5 10.5 10.5
0 4.9 9.1 9.5 9.3 9.2 9.2 8.9
0.7 1.0 1.4 1.6 1.6 1.3 1.4 1.7
0.1 3.5 9.1 15.1 16.8 18.3 18.8 19.3
0 0.4 0.8 0.8 0.5 0.5 0.4 0.5
99.9
50.0 57.6 20.2 18.7 15.7 12.0 10.9 10.0
0 0.3 1.3 0.4 0.2 0.4 0.4 0.3
43.3 21.3 19.0 19.8 17.7 17.3 17.1 17.3
1.7 3.5 12.4 20.8 33.6 43.6 48.6 52.0
3.3 16.4 41.4 39.8 32.4 26.5 22.8 19.9
1.7 0.9 5.7 0.5 0.4 0.3 0.2 0.5
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
0.011 0.384 1.466 2.730 3.585 4.450 4.895 5.285
2.26 101 940 1,512 1,803 2,140 2,237 2,340
443
Table 123
Characteristic Groups of Inorganic














Calcite, Siderite, Dolomite, Ankerite.
Sylvite, Halite.
Quartz, Gypsum Magnetite, Hematite,
Sphalerite, Feldspar, Garnet, Hornblende,
Apatite, Zircon, Epidote, Biotite,






boxyl groups as a result of ion exchange processes
with water.
A problem arises with the indefinite definition of
"mineral
matter" in coals. Perhaps mineral matter
should be explicitly defined to mean the total
assembly of inorganic elements, however held, or an
alternative expression, such as "inorganic
matter"
should be used. A discussion of the problems
associated with the expression "mineral matter
content"
has been presented by Given and Spack
man
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loss moisture is that moisture which is lost during
air drying.
DETERMINATION TECHNIQUES
For the Proximate analysis of coal,
"moisture"
is
determined according to the method presented in
ASTM Designation D 3173-73. By this method,
minus 250u m (No. 60 screen, US series) coal is
heated at 104 to 110C for one hour. The
percentage of moisture so determined is used to
calculate the results of the other analyses (ash,
volatile matter, and fixed carbon) to a dry basis.
Moisture
TYPES
Rees has pointed out that the moisture in
coal may be subdivided into four categories
inherent moisture, surface moisture, hydration
water of mineral matter, and decomposition mois
ture. Less fundamentally, we deal with total
moisture, as-received moisture, air-dry loss mois





moisture) is the moisture that a coal can hold
when it is in equilibrium with an atmosphere of 96 to
97 percent relative humidity. Inherent moisture is
held in capillary openings in the coal. A coal
containing only inherent moisture would have no
moisture on the exposed particle surfaces. Inherent
moisture is used for calculating moist mineral-free
calorific values for determining the rank of high
volatile bituminous coals.
Surface moisture is the moisture which occurs on
coal particle surfaces and is in excess of inherent
moisture.
Hydration water of mineral matter is defined as
water which occurs as part of the crystalline
structure of inorganic minerals (mainly in clays and
shales) in coal. This water of hydration is not
generally determined in analyses of coal samples.
Decomposition moisture is the moisture released
from organic components of coal as they are
decomposed by heating. Generally, temperatures in
the 200 to 225C range are required, which is well
above the temperatures required for expelling sur
face and inherent moisture from coals.
The ASTM method for determining equilibrium
moisture is Designation D 1412-74. By this method,
coal is wetted with water, any excess is removed by
filtration, and air saturated with water vapor is
passed through the bed of coal on the filter. After
reaching equilibrium, the coal is
dried at 105C,
then weighed. The equilibrium moisture is reported
as the percentage loss in weight of the equilibrated
coal.
The equilibrium moisture is considered to be
equal to the bed moisture for classification of coal
by rank, according to ASTM Designation D 388-77.
The surface or extraneous moisture of a coal is the
difference between total moisture and equilibrium
moisture.
Sulfur
Sulfur occurs in coal in three forms, namely:
Chemically combined with the organic
material in coal.
Chemically combined with iron as sulfide
minerals (pyrite, marcasite).
Chemically combined with iron and calcium
as sulfate minerals.
The forms cited above are commonly referred to
as organic, pyritic, and sulfate sulfur. Free ele
mental sulfur does not occur in coal. The ASTM
procedure for determining the forms of sulfur in
coal is detailed in ASTM Designation D 2492-77.
Walker178
has reported that the total sulfur in
coals from 283 U.S. counties ranges between the
extremes of 0.13 and 6.8 percent, on the as-received
basis.
"Total
moisture" is the sum of the inherent
(equilibrium) and surface moisture contents of coal
at the time of analysis (as the analytical procedures
do not remove decomposition or mineral hydration





moisture is a variable
percentage of the total moisture. It is the moisture
present in the analytical sample after air drying. It
is, in effect, a step in analytical procedure rather
than a significant value for interpretation. Air-dry
Sulfate sulfur in unoxidized coals generally is
less than 0.5 percent. Sulfur in pyritic form is easily
oxidized to the sulfate form, and the presence of
sulfate sulfur in more than small amounts generally
indicates the coal has weathered.
Phosphorus, Chlorine, Sodium, and
Potassium
Sodium and potassium are usually considered to
160
be minor elements in U.S. coals and phosphorus and
chlorine are trace elements. The average values of
these elements reported in U.S. coals have been
presented by
Abernethy.179
These data are sum
marized in Table 124. Lignite from the Fort Union
region, however, has a high sodium content, which
leads to fouling and slagging problems in boilers.
Therefore, cyclone boilers are usually used. Nitro
gen oxide emissions from these boilers are higher
than from pulverized coal boilers. Therefore, the
U.S. Environment Protection Agency has promul
gated new source performance standards to control
these emissions from lignite-fired steam generators.
Trace Elements
Trace elements are usually considered as
those
present in the earth's crust to the extent of 0.1
percent or less. Research on trace elements in coal
has not been extensive. Most of the data concern
trace elements in coal ash produced by the high
temperature burning of coal. Data on trace ele
ments in coal ash are presented in the next section.
The Illinois State Geological Survey conducted an
investigation of trace element concentrations in
coal. In an interim report on this program, Ruch
reported in 1974 on the occurrence of potentially
volatile trace elements in coal. Twenty-five coals,
primarily from Illinois, were examined. The mean
analytical values for these coals are presented in
Table 125.
Table 124
Average Phosphorus, Chlorine, Sodium, and
Potassium Contents of Selected U.S. Coals
Table 125






























Colorado, Las Animas .025
- 0.3 0.4
Illinois, No. 5 .004 0.16
0.6 1.7
Illinois, No. 6 .006 0.20
0.5 1.8
Indiana, No. V .008 0.04
0.5 2.2











Kentucky, Floyd .006 0.22
0.5 2.5
Montana, Big Horn .002
- 0.8 0.3
New Mexico, San Juan .001
- 0.2 0.8
Ohio, Pittsburgh .009 .08
0.3 1.3
Ohio, Brookville No. 4 .007 .12
0.3 1.1





Upper Freeport .016 0.15 0.2
2.0






Virginia, Raven .002 .06
0.5 2.7
Virginia, Lower





W. Va., Taggart .003
-- 0.9 2.7







































































































































Because conventional high-temperature ashing in
a muffle furnace results in possible losses of such
trace elements as Hg, Se, Sb, and As,
low-
temperature ashing in an oxygen atmosphere
was
investigated as a means of oxidizing organic
matter
without volatilizing the trace
elements. Results
obtained by Ruch from the analysis of whole coal
for
a particular volatile trace element are compared
with results for that element in a low-temperature
ash prepared from the same coal to determine if
significant losses occur during the ashing process.
This procedure was also used to evaluate loss of
trace elements by volatilization from coal samples
ashed at 450C. Table 126 summarizes the results.
Ruch reported that the study of trace
elements'
volatility dictated the method to be
used for the
analysis. Determination of Sb, Br, Hg, and F had to
be carried out on whole coal; Ga, Se, and As could
be determined in low-temperature plasma coal ash;
and the remaining elements could be
determined in
high-temperature coal ash.
In 1971, Bituminous Coal Research, Inc., estab
lished a program to determine the trace elements in
coal released to the environment during mining or
utilization of coal. The first step was to develop or
adapt analytical procedures for precise determina
tion of these elements. The first report on this BCR
program appeared in 1974. The report describes
analytical methods which are appropriate. More
recent studies conducted on the fate of trace
elements from coal combustion have been sponsored
by the U.S. Energy Research and Development Ad
ministration (now the Depoartment of Energy)
and the U.S. Environmental Protection Agency.
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A study was initiated in 1972 by the Environ
mental Protection Agency to investigate the fate of
trace elements of coal during gasification. Original
research was conducted by the Institute of Gas
Technology on a bench-scale gasification unit. Stu
died were antimony, arsenic, beryllium, cadmium,
chromium, lead, mercury, nickel, selenium, tel
lurium, and vanadium. The results of these initial
tests were reported by
Attari.553
The results of
continued studies on both the bench-scale unit and
the HYGAS pilot plant have also been described by
Attari.551*
The later efforts concentrated on the
fate of 39 minor and trace elements. The study
indicated that a significant loss of volatile trace
elements occurs during gasification, regardless of
the feed type or size of gasification unit. The
elements removed are likely to concentrate in the
quench water and acid gas scrubber.
Somerville555
evaluated the potential impact of
trace elements emitted in the solid wastes from a
proposed 250 MMSCFD dry ash Lurgi Facility. The
results of this study indicated that it is highly
improbable that trace elements will be leached from
returned overburden and ash disposed of in the mine
will pose no significant environmental problem.
Ruch197
determined the mercury content of a
number of U.S. coals and compared his results with
the
"best"
values available. His data appear as
Table 127.
Ash
Ash, as determined in the proximate analysis,
represents the non-combustible residue that remains
after coal is burned. Ash is formed as a result of
the many chemical changes that take place in the
mineral matter of coal during the burning process.
Ash-forming materials include clay and shale con
stituents, such as carbonate minerals, silicate min
erals, sulfide minerals, and numerous minor sub
stances.
The ASTM procedure for determining ash for the
proximate analysis is detailed in Designation
D 3174-73. By this method, the dried coal sample
from the moisture determination is heated in air to
redness, the ignition being continuing to constant
Table 126









Hg (up to 90%) Ga
Cu*
Be
Br ( ^ 100%) Se Pb* Ge









* Also retained in coal ash prepared at 450 C.





Comparison of Mercury Values Obtained by the Illinois





















0.41 0.06 0.45, 0.46
0.24 0.04 0.23, 0.30
0.07 0.02 0.09, 0.08
0.12 0.04 0.13, 0.14
0.07 0.02 0.08, 0.11
0.19 0.03 0.24, 0.23
0.061 0.007 0.07, 0.06
0.1 0.06 0.17, 0.18, 0.19
0.05 0.01 0.05, 0.05, 0.05
0.06 0.01 0.05, 0.05, 0.07
0.13 0.14
weight of sample at 700 to 750C. The result
obtained after weighing the residue is
"uncorrected"
ash. The original mineral matter in the coal is




Excerpts selected from the data by
Abernethy
176
concerning analysis of ash from coal
are presented as Table 128.
The U.S. Bureau of Mines has investigated the
occurrence of mineral matter in coal that forms the
common constituents of coal ash and has reported
ash analyses, slagging and clinkering properties of
ash.173
Trace elements in coal ash were
reported by Zink,
1 75
The average analysis for Si02, A1203, and
Fe2 03 of ash from U.S. coals analyzed by the U.S.
Bureau of Mines is 45.7, 26.0, and 18.1 percent,
respectively. These three constituents generally
make up about 90 percent of the ash from bitumi
nous coals. The Al2 O 3 content of coal ash in the
central States generally is lower than the U.S.
average and the Fe2 O 3 content generally is higher
than the average. Lignite and some subbituminous
coal ashes have relatively high percentages of CaO
and MgO. Usually the ash from lignite is high in
SO,, content, but any coals high in calcite and pyrite
may have appreciable SO^ in the ash.
The U.S. Bureau of Mines also made
spectro-
chemical analyses of ash from 827 U.S. commercial
coals for 22 trace elements. Results reported by
Abernethy280
show that 22 trace elements occurred
in most samples tested. Another seven elements
arsenic, bismuth, cerium, neodymium, columbium,
rubidium, and thallium were detected in many
samples. Also, all state averages for manganese
content in ash were less than the crustal abundance
of that element. Averages for most trace elemnts




centage concentration of the various chemical ele
ments in ash of coals from the Eastern Coal
Province, the Interior Province, and from the wes
tern states. The range in amount of trace elements
in coal ashes has been reported180 and is shown in
Table 130.
Typical variations in the chemical composition of
coal ashes versus rank of coal have been
reported.180
Table 131 summarizes this informa
tion.
FUSION TEMPERATURE
ASTM Designation D 1857-68 (reapproved 1974)
is a standard method of test for fusibility of coal
and coke ash. The method covers the observation of
the temperatures at which triangular pyramids
(cones), prepared from ash, attain and pass through
certain defined stages of fusing and flow. The
method is empirical and the data obtained are, at
best, only qualitative. Results reported are the
initial deformation temperature, the softening tem
perature, and the fluid temperature. For most ash
samples, the initial deformation temperature is in
the range 2000 to 2500F.
163
Table 128

































Colorado, Routt 8.5 .8 48.4 30.6 4.7 1.2 1.50 4.6 1.5 0.2 0.6 4.8
Illinois, Schuyler 10.3 3.6 48.0 14.7 18.7 0.6 0.44 10.4 0.6 0.2 1.8 2.1
Ky., Bell 9.4 1.2 50.5 30.0 11.4 1.2 0.61 1.8 1.1 0.4 3.0 0.8
Montana, Big Horn 4.2 0.4 22.1 15.5 6.4 1.2 0.11 18.9 6.6 1.0 0.4 26.2
N.M., McKinley 16.3 1.1 61.9 22.9 7.8 0.8 0.01 3.2 1.5 0.7 1.1 2.1
N. Dak., Mercer 12.1 1.1 23.8 10.5 10.1 0.6 0.27 16.6 5.1 8.2 0.6 23.5
Ohio, Belmont 10.8 4.3 42.4 19.6 27.5 0.9 0.15 4.0 1.2 0.2 1.6 1.3
Utah, Carbon 8.1 0.4 50.5 10.3 4.9 0.9 0.62 17.2 7.6 0.4 0.4 6.6
W. Va., Barbour 10.6 2.9 37.8 27.3 31.1 1.4 0.11 1.1 0.6 0.2 1.1 1.2




0.9 0.21 30.8 4.7 0.1 0.5 14.4
Average Trace Element Content in Ash of
Coal From Three Geographic Areas
(Weight, Percent)
Approx Easterr1 Province Interior Province Western States
Crustal imate Fre Average Fre Average Fre Average
Element abun lower quency trace quency trace quency trace
dance limit of of element of element of element












Barium 0.0425 0.002 0.1467
Beryl 1 ium
.00028 .0001 100 .0012 100 .0014 100 .0006
Boron
.0010 .0002 100 .0265 100 .0731 100 .0529
Chromium
.0100 .0001 100 .0230 100 .0224 100 .0066
Cobalt
.0025 .0020 100 .0184 98 .0193 98 .0097
Copper
.0055 .0001 100 .0128 100 .0089 100 .0047
Gall ium
.0015 .0002 100 .0071 100 .0039 100 .0033
Germanium
.00025 .0003 99 .0048 100 .0104 95 .0017
Lanthanum
.0030 .01 92 .0145 86 .0131 81 .0128
Lead
.0013 .0001 100 .0055 100 .0131 100 .0029
Lithium
.0020 .0001 100 .0584 100- .0235 100 .0168
Manganese
.0950 .0001 100 .0260 100 .0325 100 .0212
Molybdenum
.00015 .0001 99 .0082 99 .0073 100 .0020
Nickel
.0075 .0001 100 .0209 100 .0262 100 .0054
Scandium
.0022 .002 100 .0089 100 .0069 97 .0052
Strontium
.0375 .001 100 .1052 100 .0658 100 .1456
Tin
.0002 .0001 100 .0019 99 .0019 100 .0017
Vanadium
.0135 .0001 100 .0336 100 .0325 100 .0152
Ytterbium
.00034 .0001 100 .0007 100 .0005 100 .0003
Yttrium
.0033 .001 100 .0142 100 .0118 100 .0076
Zinc
.0070 .005 98 .0230 100 .0743 93 .0258
Zirconium
.0165 .005 100 .0704 100 .0825 100 .0850
Arsenic
.00018 .005 67 .0159 41 .0119 16 .0073
Bismuth
(.0107) (.0049) (.0012)











































Averages calculated for number of samples in which element was detected, except that averages
be^l^of






Range of Amount of Trace Elements Present in Coal Ashes




le Bituminous Low Volatili; Bituminous Mediurri vol at ile Bituminous Lignites anc1 Subbituminous
Element Max. 1lin. Average(5) Max. Min. Average(24) Max. Min. Average(8) Max. Min. Average! 7) Max. Min. Average(13)
Ag 1 1 * 3 1 * 1.4 1
* 1 1 * 50 1 *
B 130 63 90 2800 90 770 180 76 123 780 74 218 1900 320 1020
Ba 1340 540 866 4660 210 1253 2700 96 740 1800 230 896 13900 550 5027
Be 11 6 9 60 4 17 40 6 16 31 4 13 28 1 6
Co 165 10 81(4) 305 12 64 440 26 172 290 10 105(6) 310 11 45
Cr 395 210 304 315 74 193 490 120 221 230 36 169 140 11 54
Cu 540 96 405 770 30 293 850 76 379 560 130 313 3020 58 655
Ga 71 30 42 98 17 40 135 10 41(7) 52 10
* 30 10 23(12)
Ge 20 20 * 285 20 * 20 20 * 20 20 * 100 20
*
La 220 115 142 270 29 111 180 56 110 140 19 83 90 34 62
Mn 365 58 270 700 31 170 780 40 280 4400 125 1432 1030 310 688
Ni 320 125 220 610 45 154 350 61 141 440 20 263(6) 420 20 129(8)
Pb 120 41 81 1500 32 183 170 23 89 210 52 96 165 20 60
Sc 82 50 61 78 7 32 155 15 50 110 7 56 58 2 18(10)
Sn 4250 19 962 825 10 171(22) 230 10 92(7) 160 29 75 660 10 156
Sr 340 80 177 9600 170 1987 2500 66 818 1600 40 668 8000 230 4660
V 310 210 248 840 60 249 480 115 278 860 170 390 250 20 125
Y 120 70 106 285 29 102 460 37 152 340 37 151 120 21 51
Yb 12 5 8 15 3 10 23 4 10 13 4 9 10 2 4
Zn 350 155 * 1200 50 310(14) 550 62 231 460 50 195(6) 320 50
*
Zr 1200 370 688 1450 115 411 620 220 458 540 180 326 490 100 245
Mnsuff icient figures to compute an average value.
Figures in parentheses indicate the number of samples used to
compute average values.
Table 131










% CaO % MgO % Na20 % K20 %so3
Anthracite
0.2- 4 0.2- 1 0.1- 1
Bituminous 7-68 4-39 2-44
0.5- 4 0.7-36 0.1- 4 0.2- 3 0.2- 4 0.1-32
Subbituminous 17-58 4-35 3-19
0.6- 2 2.2-52 0.5- 8 -
-- 3.0-16
Lignite 6-40 4-26 1-34 0.0-0.8 12.4-52 2.8-14 0.2-28
0.1-1.3 8.3-32
Typical ash fusion data for several coals are
presented in Table 132, reproduced from Reference
180.
ELECTRICAL RESISTIVITY
The electrical resistivity of various coal ashes in
air and in nitrogen were determined and reported by
Shale.
281
Resistivity of low-carbon ash in air is
high at low temperature, rises to a maximum at
about 250F, decreases rapidly with increasing
temperature to about 800F, then decreases gradually
to approach an asymptote at 1500F. Resistivity of
high-carbon ash in air follows this same general
trend at values which are
much lower and are
proportional to the carbon content. After the
carbon has been burned off, resistivity of
the
remaining
ash approaches the high values corre




effects of temperature, particle size, chemical
content, and compressibility on the resistivity of
four fly ash samples of widely different chemical
composition in the temperature range proposed for
coal-fired turbines. Resistivities of all low-carbon





1500F and should be removable by electrostatic
precipitators. Ashes containing carbon in excess of
about eight percent, however, have low resistivity
(as determined in nitrogen), especially at high
temperatures. Therefore, high-carbon materials
may not be collectable in precipitators because the
resistivity is below the minimum value necessary for
precipitation. Consequently, high carbon residues



































1149 1304 1549+ 1549+





1071 1204 1493 1549 +
Fluid
1288 1366 1549+ 1549+
1110 1232 1510 1549+
H is cone Height, W. is Cone Width, Temperature in C, and the figures are as supplied by Commercial Testing.








The specific gravity of clean coal ranges from
1.2 to 1.75. Specific gravity increases with the
change in rank from lignite to anthracite. For any
coal, higher ash contents give higher specific gravi
ties. The apparent specific gravity of air-dried coal
is lower than that of the same coal which contains
its normal bed moisture.
Bulk Density
IN PLACE
Tons of coal in place, expressed as tons per acre
per foot of thickness and tons per square mile per
foot of thickness are given in Table 133 for coals of
various specific gravities. Table 134 extends the
data on coal in place to show tons of coal per acre
for various coals and for various coal seam thick
nesses.
100 300 500 700 900 1,100 1,300 1,500
TEMPERATURE, "F
Figure 99. Electrical Resistivity of High and












Tons Coal per Acre







*The specific gravity of coals within a
particular rank varies.
Tons Coal per Square Mile








The weight of a cubic foot of crushed coal varies
with the rank of coal, its moisture content, the
method by which the coal was crushed, its particle
size distribution, amount of fines, the compaction,
etc. The ASTM has formulated a standard method
of test for determining the weight of a cubic foot of
bituminous coal crushed to less than 1-1/2 inch size.
The procedure designation is ASTM Designation 291-
60 (reapproved 1975).
Actually, two methods are described. One is a
procedure by which the uncompacted weight of a
cubic foot of minus 1-1/2 inch coal is determined.
The second is a procedure for determining weight of
a cubic foot of compacted minus 1-1/2 inch coal.
Since the weight of coal per cubic foot varies
with rank, moisture content, particle size, etc., the
safest approach is to use measured values for all
design purposes. If such data are unavailable,
Table 135 presents typical data for a 1.4 specific
gravity coal crushed to various particle size ranges.
Grindability
Grindability is the term used to express the
relative amount of work needed to pulverize coals
compared with the work needed to pulverize coals
selected as standards. Grindability is determined by
a specific test procedure using a standard grinding
machine, and determining, by sieve analysis, the
amount of fines produced. The results obtained on
the coal being tested are compared with results
obtained on standard coal samples. Results are
expressed as grindability index number.
ASTM Standard Method D 409-71 entitled,
"Grindability of Coal by the
Hardgrove-Machine
Method,"
is the generally-accepted method for
determining grindability of coal. A
Hardgrove
grindability machine, a
minature ring and ball type
pulverizer of specified measurements and toler
ances, receives 50 grams of an air-dried sample of
coal, applies a definite amount of grinding energy
(60 0.25 revolutions) to the coal sample, and the
new surface area of coal produced is measured by
sieve analysis which determines the quantity of new
fines produced. A "grindability
index"
is determined
for the coal being tested. The index is derived by
comparing the weight of a test sample passing the
No. 200 sieve with the weight of fines produced
from standardized reference coals using a calibra
tion chart. Standard coal samples are available
from the ASTM for preparing the calibration chart.
These standard samples display grindability indexes
of 40, 60 80, and 110.
Table 136 presents Hardgrove-machine method
grindability indexes for certain American coals. The
coals that are easiest to grind (and have the highest
Table 135
Variation in Bulk Density of a Coal
For Various Size Fractions
(Specific Gravity of Coal
= 1.4)






















x 0 47 46
5/16"
x No. 10 45 48
1/16"
x 48 M 42 52
No. 48 x 0 35 60
Table 134
Tons of Coal In Place, Per Acre
















1.5 Semi anthracite 6,120
10,190 20,390 40,770 101,930
1.4 Bituminous 5,710
9,510 19,030 38,050 95,140 142,700
1.3 Subbituminous 5,300
8,830 17,670 35,340 88,340 132,510 176,680 265,020
1.2 Lignite 4,890
8,150 16,310 32,620 81,550 123,320 163,090 244,630
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Hardgrove grindability indexes) are generally
medium-
and low-volatile bituminous coals. How
ever, any relationship between grindability and rank
is too approximate to permit grindability to be
estimated from the analysis of a coal.
Friability
DROP SHATTER TEST
The ASTM has developed a standard "Drop
Shatter Test," ASTM Desgination D 440-49 (reap-
proved 1975), which indicates the ability of coal to
withstand breakage. Although of limited applic
ability, it is a servicable test for ascertaining the
similarity of coals in respect to size stability and
friability.
The test is designed to measure the relative
resistance to breakage of the larger sizes of coal
when handled in thin layers, such as from a loader to
a mine car, from shovel to chute, etc. A
specially-
designed shatter test machine is used. A 50-pound
sample of coal to be tested is given a specified
number of
"drops"
of six feet onto a plate. Screen
ing of the coal and weighing of screen-sized frac
tions determine the before and after weights, which
are calculated in a prescribed manner for reporting
as "size
stability."
Lignite coals are the least friable of all coals.
Friability generally increases with an increase in
rank to low-volatile bituminous coal, which is very
friable. Anthracite is much less friable than the
low-volatile bituminous coal.
TUMBLER TEST
The ASTM has developed a standard "Tumbler
Test For Coal", ASTM Designation D 441-45
(reap-
proved 1975) to determine the friability of a
particular sample of sized coal. It affords a
standard method of measuring the liability of coal to
break into smaller pieces when subjected to repeat
ed handling.
Specially designed porcelain jar tumblers of
7-
1/2-inch inside diameter and 7-1/4-inch depth (inside
measurement) accept 1000 grams of sample and
tumble the sample for one hour at 40 rpm. Fri
ability, as reported, is the percentage reduction in
average size of the coal during the tumbler test.
Compressive Strength
While the load-bearing ability of coal is of great
importance in mining, and while numerous values
have been reported for the compressive strength of
various coals, the heterogeneous nature of coals
results in widespread results. Compressive strength
data probably should be considered only in relation
to probability functions. Results of typical com
pressive strength measurements reported for various
coals are shown in Table 137.
Electrical Properties
Specific resistance (resistivity) is the electrical
resistance of a body of unit cross section and of unit
length, and is expressed in ohm-centimeters. It is







R = resistance of the substance
L = length
A = cross-sectional area
From various sources indicated, the specific
resistance of coals and certain other materials are
presented in Table 138.
Elder
1 7 1
conducted electrical heating tests on
high-volatile A bituminous America-bed coal from
the Gorgas mine, Walker County, Alabama. The
electrical resistivity of samples from individual
layers of coal was measured parallel to the face
cleats of the coal bed. From the various resistance
measurements obtained, the resistance of one square
inch of coal the full height of the coal seam (28.9
inches) was estimated to be 78 ohms. The average
resistance of one cubic inch of this coal then would
be 2,260 ohms. Resistivity tests were then conduc
ted on a freshly exposed face of coal in the Gorgas
mine, taking the measurements across the face
cleats of the coal bed. The data obtained indicated
that the resistance of a one square inch section of
the coal the full height of the coal bed would be
about 203 ohms, and the average resistance of one
cubic inch of coal when measured in this direction
would be 10,500 ohms.
Cleat Structure
A system of joint planes is commonly observed in
coal formations. These joint planes, called cleats,
are usually perpendicular to the bedding planes.
Thus, cleat joints are usually vertical.
The main system of joints is called the face
cleat. A cross system of jointing is called the butt
cleat. McCullough 225 reported that the cleat
system in coal has a pronounced effect on the
properties of a coal deposit. For example, holes
drilled into coal perpendicular to the face cleat are
said to yield from 2.5 to 10 times the amount of
methane gas from the formation as do holes drilled
perpendicular to the butt cleat. Also, the cleat
system of fracture and the frequency of cleats may
determine the size of run-of-mine coal.
Normally two sets of cleats are oriented at about
90 degrees to each other. Cleats and bedding planes
constitute flaws which are a major controlling
factor in the coal fracturing process.
Rad283
reported that the orientation of the cutting ele




of Some American Coals
(Data sources: USBM Reports of Investigations











Colorado Fremont Monarch No. 4 46
Colorado Mesa Cameo 47
Illinois Fulton No. 2 Sun Spot 53
Illinois Stark No. 6 Allendale 61
Illinois Will iamson No. 6 Utility 57
Indiana Pike No. V Blackfoot 54
Iowa Lucas Cherokee Big Ben 61
Kansas Crawford Bevier Clemens 62
Kentucky Bell High Splint Davisburg 44
Kentucky Muhlenburg No. 11 Crescent 55
Kentucky Pike Elkhorn Nos. 1 & 2 Dixie 42
Missouri Boone Bevier Mark Twain 62
Montana Richland Savage 62
New Mexico McKinley Black Diamond Sundance 51
North Dakota Burke Noonan 38
Ohio Belmont No. 9 Linda 50
Ohio Harrison No. 8 Bradford 51
Pennsylvania Cambria Lower Kittanning
(Bituminous)
Bird No. 2 109
Pennsylvania Indiana Lower Freeport
(Bituminous)
Acadia 83
Pennsylvania Schuylkil 1 Various
(Anthracite)
38
Pennsylvania Washington Pittsburgh Florence 55
Pennsylvania Westmoreland Upper Freeport Jamison 65
Tennessee Grundy Sewanee Ramsey 59
Utah Carbon Castle Gate Carbon 47
Virginia Buchanan Splash Dam Harman 68
Virginia Dickenson Upper Banner 84
Virginia Wise Morris Roda 43
West Virginia Fayette Sewell Summer lee 86
West Virginia McDowell Pocahontas No. 3 Jacobs Fork 96
West Virginia Wyoming Powell ton Coal Mtn. 58
West Virginia Wyoming No. 2 Gas Kopperston 70
Wyoming Campbell Smith/Rowland Wyodak 59
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Table 137
The Compressive Strength of Coal
Typical Values
Data sources: USBM Bulletins 25 and 33
USBM Technical Paper 605
Coal Rank
Anthracite (Various Samples)
Bituminous (Range of Values)
Bituminous (Pittsburgh)

























Parallel to bedding 7-90 x
103
Room Temperature 3




Parallel to bedding 0.004-360 x
108
3





















1. Smithsonian Physical Tables, Smithsonian Institute,
Washington, D.C., 1933, p. 277.
2. Kaye, G. W., "Physical and Chemical Constraints", Longman,
Green N.Y., 8th, Ed., 1936.
3. Freeman, H. B., USBM Technical Paper 568, 1936.
4. Brelenberg, W., "Braunkohle", 38, 699-702, 1939.
5. Handbook of Chemistry and Physics, Chemical Rubber Publishing
Company, 25th Ed.
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output of coal mining machines. Rad's attempt to
relate the frequency of cleats to the cutting force
indicated that such a relation did exist, as is shown
in Figure 100.
Komar195
reports that directional properties
occur in coal and that these properties can affect
the direction of flow of gases. For a particular coal
seam near Hanna, Wyoming, analyses of natural
fracture orientation, directional permeability, direc
tional ultrasonic velocity, and directional tensile
strength disclosed distinct coal structures of signifi
cance to gas flows through the coal. According to
Komar, knowledge of underground flow control
permits appropriate well patterns to be designed to
enable in situ gasification of the coal.
Dustiness
The ASTM has developed a standard "Index of
Dustiness of Coal and Coke", ASTM Designation
D 547-41 (reapproved 1975), to determine relative
values which represent the amount of dust produced
when coal is handled in a standard manner. A metal
dust cabinet of prescribed size and shape accepts a
50-pound sample of coal on a slide plate. Upon
withdrawing the plate, the sample drops into a
drawer. After five seconds, two slides are inserted
into the box. These collect dust particles still in
suspension until two minutes have elapsed (for
coarse dust) or until eight minutes have elapsed (for
fine dust). The dustiness index is reported as 40 x
weight of dust (grams) settled after either two
minutes or eight minutes.
THERMAL PROPERTIES
Heat Capacity
Heat capacity may be defined as the quantity of
heat required to raise the temperature of one unit
weight of a substance one degree. The ratio of the
heat capacity of one substance to the heat capacity
of water at 15C is defined as the specific heat.
The English unit for heat capacity is Btu per pound
per degree Fahrenheit and the metric unit is calories
per gram per degree Centrigrade. Since specific
heat is a ratio of two heat capacities, it is
dimensionless. However, since the heat capacity of
water is 1.0 Btu per pound per degree Fahrenheit,
the heat capacity of any other material will always
be numerically equal to its specific heat. Therefore,
it is often the practice (though incorrect) to use the
terms heat capacity and specific heat interchange
ably.
The specific heat of a coal usually increases with
its moisture content. Volatile matter, carbon
content, ash content, and temperature also influence
the specific heat of coal, but to a lesser degree than
moisture. The specific heat values for coals range
generally from 0.25 to 0.37. For purposes of
comparison, it is necessary to state the moisture
content. Observed specific heats of several coals




The specific heat of a material undergoing
thermal decomposition, such as bituminous coal in
the plastic range, loses its conventional significance,
because one deals with several heat quantities (such
as sensible heat, heats of reaction, and heats of
decomposition) and with a change in the material as
it decomposes. However, mean specific heats of
coal, char, and coke have been reported over wide
temperature ranges, showing that the specific heat
of coal generally increases with temperature.
Gomez162
has reported calculated estimates of














DEPTH OF CUT CONFINEMENT
0 5 cm 35 N/cm2
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28 to 65 C 25 to 130C 25 to
177
25 to 227 C
West Virginia 0.261 0.288 0.301 0.314
Pennsylvania
(Bituminous)
1.2 34.5 58.4 5.9 0.286 0.308 0.320 0.323
Illinois 8.4 35.0 48.2 8.4 0.334
Wyoming 11.0 38.6 40.2 10.2 0.350
Pennsylvania
(Anthracite)
0.0 16.0 79.3 4.7 0.269
law which states that the molecular heat of a solid
compound is equal to the sum of the atomic heats of
its constituents. The atomic heat divided by the
atomic weight gives the approximate specific heat.
Data on various coals were treated by the method of
least squares to determine the regression constants.
This resulted in the formula presented below, which
gives the relationship between specific heat and





0.874 (hydrogen) + 0.189 (carbon)
+ 0.491 (nitrogen) + 0.360 (oxygen)
+ 0.215 (sulfur)
Figure 101 presents the relationship between the
calculated specific heat (maf basis) of various ranks
coals, coke, and char versus the volatile matter
content of the materials. From the curve, an
estimation of specific heat for any coal, char, or
coke can be derived if the volatile matter, expressed
as percentage of the maf coal, is known.
Enthalpy
Enthalpy, or heat content, data for coal, coke,
162
Theseand char have been reported by Gomez.
data are summarized in Table 140.
Heating Value
As the calorific, or heating, value of a coal is a
direct indication of the energy value of the coal, its
determination is probably the most important labor
atory test for determining a coal's usefulness.
Calorific value is reported as gross calorific
value, with a correction made if net calorific value
is of interest. Gross and net calorific values are
defined in ASTM Designation D 121-76
In the case of solid fuels and liquid fuels of low
volatilty, the gross heat of combustion is the heat
produced by combustion of unit quantity of fuel at
constant volume, in an oxygen bomb calorimeter,
under specified conditions. The unit quantity of fuel
is one gram and the heat unit is the calorie. If
English system units are desired, the unit of fuel is
one pound and the heat unit is the Btu. Calories per
gram may be converted
multiplying by 1.8.
to Btu's per pound by
The specified conditions include initial oxygen
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VOLATILE MATTER, MOISTURE- AND
ASH-FREE BASIS, percent
Figure 101. Relationship Between Specific Heat
and Volatile Matter Content of
Various Coals, Coke, and Char
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Table 140
Heat Content For Coal, Coke, and Char Above 0 C
Heat Content
Temperat ijre As Tested Ash-Free Basis
C F Cal/g Btu/lb Cal/g
Texas Tigniti2, Sandow mine:
32.7 90.9 11.8 21.2 13.5
69.3 156.7 20.2 36.4 22.5
95.3 203.5 25.4 45.7 27.7
134.4 273.9 39.2 70.6 42.5
Wyoming subb ituminous B coal , Elkol mine I
42.3 108.1 14.1 25.4 14.5
65.0 149.0 19.4 34.9 19.8
89.7 193.5 26.4 47.5 26.9
112.6 234.7 34.0 61.2 34.6
High-vo latilie char from Sandow mine lignite:
96.0 204.8 21.4 38.5 23.4
140.1 284.2 34.7 62.5 37.5
195.2 383.4 52.3 94.1 56.2
247.4 477.3 69.3 124.7 74.1
308.7 587.7 93.0 167.4 99.8
345.9 654.6 106.3 191.3 114.0
409.0 768.2 131.1 236.0 141.0
451.1 844.0 145.5 261.9 156.3
High-vo latil e char from Elko 1 mine subb B coal :
89.6 193.3 22.0 39.6 22.5
97.1 206.8 22.2 40.0 22.6
103.1 217.6 27.7 49.9 28.3
129.0 264.2 31.7 57.1 32.2
198.9 390.0 51.5 92.7 52.2
201.3 394.3 51.7 93.1 52.3
265.9 510.6 75.8 136.4 76.8
293.4 560.1 85.7 154.3 86.8
349.2 660.6 108.3 194.9 109.9
369.0 696.2 116.5 209.7 118.2
425.0 797.0 141.6 254.9 143.8
Coke from Allen mine high-vo latile A coa1:
84.5 184.1 16.6 29.9 17.5
102.5 216.5 15.8 28.4 15.9
150.0 302.0 29.0 52.2 29.5
151.5 304.7 28.9 52.0 29.3
191.0 375.8 40.0 72.0 40.6
227.0 440.6 45.8 82.4 45.8
249.0 480.2 52.3 94.1 52.5
297.0 566.6 71.7 129.1 73.0
359.0 678.2 87.9 158.2 89.2
444.0 831.2 116.0 208.8 118.2
540.0 1,004.0 152.0 273.6 156.3
604.0 1,119.2 172.2 310.0 177.1
607.0 1,124.6 179.5 323.1 185.5
654.0 1,209,2 195.8 352.4 202.5
708.0 1,306.4 218.3 392.9 226.5
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pressure of 20 to 40 atmospheres, final temperature
of 68 to 95F (20 to 35C), products in the form of
ash, liquid water, and gaseous C02, S02 , and
nitrogen. This definition is not applied to gaseous or
highly volatile liquid fuels. Coals are usually
compared using their gross calorific value.
In the case of solid fuels and liquid fuels of low
volatility, a lower value is calculated for the gross
calorific value. This value is the amount of heat
produced by combustion of a unit quantity at
constant atmospheric pressure under conditions such
that all water in the products remains in the form of
vapor.
In practice, the net calorific value (net heat of
combustion) is calculated from the gross calorific
value (gross heat of combustion) at 68F (20C) by
making a deduction of 1030 Btu/lb (572 cal/g) of
water derived from unit quantity of fuel, including
both the water originally present as moisture and
that formed by combustion. The deduction is not
equal to the latent heat of vaporization of water
(1055 Btu/lb at 68F (20C)) because the calculation
is made to reduce from gross value at constant
volume to net value at constant pressure, for which
the appropriate factor under these conditions is 1030
Btu/lb.
From the above, it is shown that the calculation
of net calorific value requires a hydrogen (or a
water) determination as well as a calorific value
determination. For example:
Net Calorific Value (Btu/pound) =
Gross Calorific Value -
1030 x % Total Hydrogen x 9
100
Typical values of the calorific value of the
various ranks of coal are compared with the proxi
mate analyses of coals in Figure 102. The data are
from Averitt.
Thermal Conductivity
Thermal conductivity is the time rate of transfer
of heaf by conduction through a unit area across a

















Q = Thermal conductivity
expressed as g cal/cm/sec/C
or Btu/ft/hr/F
Banding and bedding planes in coal complicate




values for thermal conductivity of coal along with
several conclusions concerning conductivity:
(1) Monolithic coal is a medium conductor of
heat. The thermal conductivity of mono
lithic anthracite is approximately
5-
9 x 10"'*gcal/sec/cm/oC, while the thermal
conductivity of bituminous coal is about
4-
7-x-10-*at -30C.
(2) Pulverized coal is inferior to monolithic
coal as a conductor of heat because of the
poor conductivity of the air in the voids
between the particles. The thermal con
ductivity of pulverized bituminous coal at
room temperature is about 2.5-3.5 x
10"1*
gcal/sec/cm/C. No specific data are
available for pulverized anthracite.
(3) Thermal conductivity usually increases
with an increase in apparent density, vola
tile matter content and ash content, and
probably increases with the moisture con
tent of the coal.
(4) The thermal conductivity parallel to the
bedding appears to be greater than that
perpendicular to the bedding; i.e., solid
coal is thermally anisotropic.
(5) The available evidence shows that the
thermal conductivity of coal increases with
temperature.
There appears to be no published information on
the effect of water content in coal on the thermal
conductivity of coal. The conductivity of water,
however, is about three times the conductivity of
coal.
Free Swelling Index
The free-swelling index (FSI) is a measure of the
increase in volume of a coal when it is heated
without restriction under specified conditions. It is
used to estimate the caking properties of coals
during combustion on a grate, to differentiate
between agglomerating and non-agglomerating
coals, and to detect weathered or oxidized coals.
The FSI gives supplementary information on the
plastic properties of coal. It is probable that gas
formed by thermal decomposition while the coal is
in a plastic condition is responsible for the swelling
of coal during heating.
The standard method of test for FSI, developed
by the ASTM, is described in ASTM Designation
D-
720-67. This is an empirical test which requires
heating of several one-gram samples of coal to
15089F within a specified time to prepare "but
tons"
of coke. The shape, or profile, of the coke
buttons is compared with profiles of standard but
tons. The average swelling index of a series of three
buttons is reported. FSI index numbers of the
standard profiles progress from 1 to 1-1/2, 2, 2-1/2,

















described a small-scale test de
veloped by the U.S. Bureau of Mines for determining
the FSI of coal samples of limited quantity. It is
especially suited to the study of macerals. Only 0.3
gram of sample is required and only minor modifica
tions in ASTM equipment and procedures are needed.
Anthracite coal does not fuse nor show an FSI.
The FSI of bituminous coals generally increases as
the rank progresses upwards from high-volatile C to
low-volatile. Some rather-typical values for Illinois
and eastern bituminous coals, which illustrate this
trend, are presented as Table 141. The data are
from
Rees.165
Subbituminous coal and lignite are
by definition non-agglomerating and show no swel
ling under test.
Plastic and Agglutinating Properties
Plastic and agglutinating properties of coals are
of importance mainly in selecting coals used to
make coke and for burning in boilers. Comprehen
sive data on plastic and agglutinating properties of
most U.S. coals have been reported by
"
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The ASTM has developed a semiquantitative
procedure for determining the relative plastic be
havior of coal when heated under prescribed condi
tions in the absence of air. This is ASTM Designa
tion D 1812-69 entitled, "Standard Method of Test
for Plastic Properties of Coal by the Gieseler
Plastometer."






The ASTM has developed its Designation D 2639-
74 entitled, "Standard Method of Test for Plastic
Properties of Coal by the Constant-Torque Gieseler
Plastometer."
This test also gives a measure of the
relative plastic behavior of coal unless heated under
prescribed conditions.
The agglutinating value is a measure of the
binding qualities of a coal and indicates the caking
characteristic of the coal. The ASTM has no
standard tests for determining agglutinating proper
ties of coals. A test developed by the U.S. Bureau
of Mines was described by Fischer.
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Agglomerating Index
The agglomerating index indicates the caking and
coking properties of bituminous coals. It is deter
mined by examination of the residue in the platinum
crucible incident to the volatile matter determina
tion according to ASTM Designation D 3175-77. The
various degrees of agglomeration, ranging from
"weak
agglomerate"
to "good caking", are described
by Fieldner.
5I*5
Differential Thermal Analysis Tests
Differential thermal analysis (DTA) is the tech
nique of recording the difference in temperature
between a substance and a reference material
(usually inert) as the two specimens are subjected to
identical temperature regimes, such as heating at a
controlled rate. When the temperature of the oven
versus the difference in temperature between the
coal specimen and the inert substance are plotted,
each endotherm and exotherm which occurs during
the coal sample's decomposition becomes obvious.
Also, the intensity of the reactions determines the
heights (or depths) of peaks in the curve. DTA has
been used most extensively in the study of inorganic
materials, particularly the clay minerals.
The examination of coals by DTA is complicated
by the complexity of the chemical reactions
occur-
Table 141
Average Free-Swelling Index Values






High-volatile B Illinois No. 6 4.5
High-volatile B Illinois No. 5 3.0
High-volatile A Illinois No. 5 5.5
High-volatile A Eastern 6.0 to 7.5
Medium-volatile Eastern 8.5
Low-volatile Eastern 8.5 to 9.0
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ring during thermal decomposition, to the changes in
the atmosphere due to evolution of gases during
examination, and to the close control of conditions
necessary for test reproducibility. Comparison of
results of different investigators discloses great
variations, suggesting lack of standarization.
or as a raw material from which ammonia, metha
nol, and other compounds may be synthesized. Due
to the low heating value, it is not economical to
transport the gas over great distances via pipeline.
DTA has found little application to coal re
search. One investigator, Glass,170 has reported
that five types of DTA curves for coal can easily be
recognized, offering a means by which coal can be
classified as meta-anthracite, anthracite, low-vola
tile bituminous, high-volatile bituminous, and sub
bituminous.
The value of DTA results is enhanced if these are
considered along with those from other measure
ments, such as thermo-gravimetric analysis, in order




Most of the minerals reported in coals undergo
exothermic or endothermic changes when the coal is
burned. Thus, on combustion, the presence of
inorganic minerals will have effects on the coal's
heat of combustion. Kovatsits182 studied this
effect and reported the observed change in the heat
of combustion of a coal due to the addition of one
percent of various minerals or mineral mixtures.
His findings are presented as Table 142. The "plus"
sign designates that the mineral undergoes an
endothermic reaction, while the
"minus"
sign desig
nates an exothermic reaction.
COAL GASIFICATION
Coal may be gasified by a variety of processes to
produce combustible gases which may be of a low-,
medium-, or high-Btu content. High-Btu gas con
sists essentially of methane, has a heating value of
approximately 1000 Btu per standard cubic foot, and
is compatible with natural gas in that it may be
mixed with or substituted for natural gas in existing
pipeline systems. Specific data on the interchange-
ability of fuel gases may be found in Research
Bulletin 36 of the American Gas Association and in
U.S. Bureau of Mines Report of Investigations 6629.
Medium-Btu gas consists of a mixture of
methane, carbon monoxide, hydrogen, and other
gases. It has a heating value between 300 and 700
Btu per standard cubic foot and, therefore, is not a
substitute for pipeline-quality gas. It is, however,
suitable as a fuel for industrial consumers. Because
of its low heating value, it is not economic to
transport the gas over great distances.
Low-Btu gas consists of a mixture of carbon
monoxide and hydrogen and has a heating value of
less than 300 Btu per standard cubic foot. This gas
is of interest to industry either as a combustible fuel
Table 142
Influence of Minerals on the
Heat of Combustion of a Coal








CaS04 H20 + 4.0
CaS04 + 4.0
FeSQ - 26.0









CaO + FeS2 (2:1)
- 13.8
Si02
+ CaO (1:1) - 1.0
CaO + Organic S - 5.1
Basic Chemistry
PYROLYSIS REACTIONS
Coal gasification involves the pyrolysis of coal
by heat and the reaction of the coal's carbon and
other pyrolysis products with oxygen, water, and
hydrogen to produce useable fuel gases, preferably











































+ 2H20 ^ C02
+
4H2
COAL + HEAT (Pyrolysis)Methane, water,
tars, phenols, hydrogen sulfide,
hydrogen, carbon dioxide, char,
etc.
Pyrolysis may be defined as the "chemical
transformation of a compound into another sub
stance through the agency of heat
alone".1*"
Therefore, the term implies considerably more than
"thermal
decomposition,"
which relates primarily to
the breaking down of complex materials into simpler
substances. Pyrolysis includes, according to the
Institute of Gas Technology: 1*63
Thermal decomposition (cracking) to sim
pler materials
Molecular rearrangement
Condenstion and polymerization to more
complex materials
Combinations of the above reactions
The products of pyrolysis generally appear as vapors,
liquids, and a solid carbonaceous residue, the residue
having a relatively high carbon content and the
liquid and gaseous products having relatively high
hydrogen contents.
The liquid pyrolysis products are generally hy
drogen-deficient, and if upgraded to a synthetic
crude oil product, must be subjected to catalytic
hydrogenation. The gaseous pyrolysis products are
unsuitable as pipeline-quality gas, being deficient in
methane, containing relatively large amounts of
carbon monoxide, hydrogen, hydrogen sulfide, and
carbon dioxide, and thereby having a fairly low
heating value. By purifying this gas, adjusting the
relative volumes of carbon monoxide and hydrogen,
and catalytically methanating it, the gas may be
upgraded to pipeline-quality gas.
Most of the industrial coal pyrolysis operations
to date have been designed for the purpose of
carbonization. Carbonization involves pyrolysis, but
the term infers that the desired product is a
devolatilized carbonaceous residue, such as coke or
char. Industrial coal carbonization processes oper
ate in the temperature range of 300 to 700C for
low-temperature carbonization, 700 to 900C for
medium-temperature carbonization, and 900 to
1200C for high-temperature carbonization. The
low-temperature processes yield relatively small
quantities of gases and large quantities of coal tar
and other liquids, whereas the high-temperature
processes result in increased yields of gases relative
to liquids, with an accompanying increase in the
production of coke.
The presence of oxygen, hydrogen, water vapor,
carbon oxides, and other compounds in the reaction
atmosphere during pyrolysis tend to support or
inhibit numerous reactions with coal and with the
pyrolysis products evolved. The distribution of
weight and the chemical composition of the py
rolysis products are also influenced by the conditions
of pyrolysis (temperature, heating rate, pressure,
residence time, etc.) and by the type of coal
treated.
Liquid and Gaseous Products
The Fischer Assay is an arbitrary but precise
analytical method for determining the product yield
from the pyrolysis of organic materials, such as
those contained in oil shale, coal, oil sands, etc. The
process involves heating a known weight of sample
at a controlled rate in the absence of air, to a
temperature of 500C (932F) and then collecting
and weighing the products evolved. The Fischer
Assay yields from samples of various ranks of coal




Laboratory procedures for the carbonization as
saying of coal samples have been developed by the
U.S. Bureau of
Mines.189
From such tests, the
probable yields of coal decomposition products from
large-scale operations may be predicted.
The apparatus used by the USBM was capable of
decomposing the coal substance into char, tar,
water, light oil, and gas. It was also possible to
make complete mass balances on the equipment.
Hydrogen sulfide and some thiohydrocarbons were
taken from the gas stream partly and incompletely
by a charcoal absorber. These materials are
probably reported as part of the light oil. Hydrogen
sulfide has seldom been removed from distillation
gas by most investigators.
To illustrate both the complexity of coal py
rolysis and the type of data obtainable from the
carbonization assay, Tables 144 and 145 present
results of distillation assays at various temperatures
for samples of raw Texas lignite and dried Texas
lignite. The effect of drying is shown to be
considerable. These data are from Goodman,
189
Char Product
The amount of char produced by the pyrolysis of
coal varies with the type of coal used and with the
temperature, pressure, atmosphere, and other pro
cess conditions. Handling, gasifying, or using char
will be a major part of most coal conversion
processes. Char properties are also quite variable,
being dependent to a large extent on the properties
of the parent coal. Typical analyses of some chars
and their parent coals are shown in Table 146, from
McCann.
8
These chars were used in some char
combustion tests performed by the author.
McCann reported on the combustion of
low-
volatile, medium-volatile, and high-volatile char
178
Table 143
Typical Fischer Assay Yields
From Various Ranks of Coals
(As-received basis)






















High vol. A bituminous
High vol. B bituminous














































37 15.2 1.2 2100 44
obtained from Utah King mine coal. An experiment
al combustion unit capable of burning 500 pounds of
pulverized char per hour was used in the tests. The
exit gas temperature of the unit was 2000F. The








80 to 95 percent
through 200-mesh
Table 147 summarizes the char combustion experi
mental data.
The fluidization properties of char are important
both because solids handling applications often
employ fluidization and because fluidized-bed
gasi-
fiers and combustors have been shown to be viable
process units.
Feldman281*
reported the char pro
perties pertinent to fluidization. The particular
char studied was produced by rapid hydrogasification
of raw high-volatile bituminous coal in a free-fall
reactor. Approximately 30 percent of the carbon in
the feed coal was converted by exposure to the hot
hydrogen atmosphere used under 1000 psig pressure
and 1650F temperature. A summary of Feldman's
fluidization data is given in Table 148.
HEATS OF REACTION
Table 149 presents calculated values of the heat
of reaction for the gasification reactions previously
described. Some of the calculations are based on
heat of formation data reported by
Rossini.193




stants, molecular weights, and high and low heating
values of chemical compounds commonly present in
coal gasification systems.
EQUILIBRIUM CONSTANTS
In any chemical reaction, two or more chemicals
may react to form products. Under certain condi
tions, these products may react with each other to
form the original reacting substances. The reaction,
therefore, may proceed in either direction. When
conditions are such as to produce equal reaction
velocities in both directions, net conversion of
reactants and products ceases and equilibrium re
sults.
The rate at which the reaction proceeds is
proportional to the concentration (or active mass) of
the reacting substances present (the law of mass
action). The partial pressure of any gas is also
proportional to the concentrations of the gases
present. Thus, it is possible to derive an "equili
brium
constant"
(K) mathematically for a reaction
involving gases to express this constant in terms of
pressure. This
"Kp"
value is a direct measure of the
extent to which materials react to yield products;
i.e., a direct indication of the chemical affinity of
the reactants.
To avoid confusion in the use of equilibrium
constants, convention requires first that reactions
be written so that the products appear on the right
side of the equation. With this done, the "equili
brium
constant"
of the reaction is the ratio of the
concentration (or partial pressures) of the products






Temperature of distillation, C 150 200 250 300 400 500
Distillation-assay No. 18-A 19-A 20-A 21-A 22-A 23-A
Assay yields, m.a.f., percent:
Char 99.5 99.2 98.0 93.8 74.6 62.5
Water .0 .0 .0 1.8 6.8 8.3
Tar .0 .0 .0 .2 7.3 10.7
Light oil .0 .2 .7 1.4 1.6 1.9
Gas .5 .7 1.4 3.0 9.4 16.0
Hydrogen sulfide .0 .0 .0 .1 .6 .9
Total 100.0 100.1 100.1 100.3 100.3 100.3




Carbon dioxide 95.9 90.3 88.7 78.2 67.6 45.9
Illuminants .0 .3 .4 .8 1.0 1.1
Carbon monoxide .0 6.5 8.8 12.7 13.3 10.3
Hydrogen .0 .0 .0 .8 .8 15.3
Methane 4.1 2.9 2.1 7.3 16.9 25.1
Ethane .0 .0 .0 .2 .4 2.3
Total 100.0 100.0 100.0 100.0 100.0 100.0
Yield of assay gas:
Net gas, m.a.f. l./g. 3.13 3.87 7.52 17.7 59.5 133.5
Do cu.ft../lb. 0.050 0.062 0.120 0.284 0.954 2.140
Heat in gas, m.a.f. Btu/lb. 2.05 3.47 6.84 38.6 231 839
Heating value, calculated Btu/cu.ft. 41 56 57 136 242 392
Sp. gr., dry, calculated
60 /30"
1.470 1.460 1.450 1.370 1.278 0.981
Table 145
Low-, Medium-, and High-Temperature
Yields from Dried Texas
Carboni zation-Assay
Lignite
Temperature of distillation, C
Distillation-assay No.








Composition of assay gas,








Yield of assay gas:
Net gas, m.a.f.
Do
Heat in gas, m.a.f.
Heating value, calculated
Sp. gr., dry, calculated
300 400 500 600 700 800 900 1,000
17-A 16-A 7-10-A 8-9-A 11-A 12-A 13-15-A 14-A
96.2 84.8 66.5 58.7 53.5 52.1 51.0 50.6
1.0 4.1 8.0 10.0 10.3 10.3 10.5 10.4
.0 3.9 10.5 10.8 10.9 10.8 10.9 11.0
.9 .9 1.4 1.4 1.4 1.5 1.5 1.7
1.8 5.8 12.7 18.3 22.6 24.0 25.1 25.2
.0 .4 1.0 1.0 1.2 1.2 1.2 1.2











































































Btu/lb. 19 109 685 1,298 1,778 1,986 2,172 2,279
Btu/cu.ft. 113 189 408 456 434 417 408 397
60
730"
1.380 1.314 0.980 0.837 0.720 0.659 0.617 0.588
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Table 146
Typical Analyses of Chars and Parent Coal
Low Medium High Utah
Proximate, wt % volatile volatile volatile King Mine
as received char char char char
Moisture 0.8 2.8 2.6 4.9
Volati le matter 5.1 12.0 15.1 44.0
Fixed carbon 80.9 73.2 72.0 45.9
Ash 13.2 12.0 10.3 5.2
Ultimate, wt %,
as received
Carbon 81.6 75.9 75.5 72.3
Hydrogen 1.0 2.3 3.0 5.8
Nitrogen 1.4 1.7 1.8 1.3
Sulfur 0.5 0.6 0.6 0.5
Oxygen 2.3 7.5 8.8 14.9
Ash 13.2 12.0 10.3 5.2
Table 147
Summary of Experimental Data
Degree of Volatile Percent
pulveri Air matter Carbon of total
Obser Excess zation, preheat content combustion heat input








31 700 97.5 15.4
32 5.4 95.2 695 5.2 95.5 15.0
33 10.6 94.9 600 4.7 97.2 14.6
34 5.4 94.9 600 4.7 95.2 15.2
35 19.0 80.1 605 5.0 95.3 15.2
36 4.9 80.1 600 5.0 93.8 14.8
37 19.6 80.3 690 5.6 95.7 15.2
38 4.9 80.3 695 5.6 94.0 14.7
91 19.6 95.1 700 12.5 98.7 12.0
92 4.9 95.1 695 12.5 97.5 11.9
93 20.2 95.0 605 11.9 98.3 13.0
94 5.0 95.0 600 11.9 97.2 13.2
95 20.3 79.8 600 12.1 97.3 13.9
96 4.9 79.8 600 12.1 95.7 13.8
97 20.3 80.2 690 11.5 97.5 11.8
98 4.9 80.2 690 11.5 96.0 12.3
151 19.6 95.0 700 15.3 99.8 8.9
152 5.4 95.0 700 15.3 99.5 9.6
153 18.2 94.9 600 16.0 99.5 10.9
154 4.9 94.9 600 16.0 99.2 10.4
155 18.9 79.9 600 14.9 99.1 10.8
156 4.9 79.9 600 14.9 98.1 11.0
157 19.6 80.0 705 14.9 99.4 9.2
158 4.9 80.0 695 14.9 98.5 9.5
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Table 148
Summary of Fluidization Data for Coal Char
Fluidized with C02; Tube 1.0





































8 x 12 0.08 1.06 80 1.2 x
105
11.0 0.339
12 x 14 0.061 0.74 43 6.24 x
104
8.2 0.280
14 x 20 0.044 0.57 23.8 2.5 x
104
10.8 0.410
20x40 0.025 0.37 8.8 5.15 x
103
10.6 0.480
40 x 60 0.013 0.14 1.8 810 3.7 0.209
60 x 80 0.0084 0.11 0.87 254 2.6 0.183
80 x 120 0.0059 0.085 0.48 101 2.0 0.163
120 x 200 0.0039 0.059 0.21 28.6 11.6 0.789
200 x 325 0.0022 0.040 0.080 6.02 13.0 1.51
6 x 40 (D 0.065 1.23 75 1.34 x
105
24.0 0.546































As an example, consider the reaction:
CO + 3Hf CH, H20
The equilibrium constant, Kp , will be the ratio of
the product of the partial pressures of the products






A large value of Kpis an indication of a large
chemical affinity between the reactants, thus imply
ing that the reaction will proceed fairly far to
completion.
Equilibrium constants for various coal gasifica
tion reactions at various temperatures are presented




and ultimate analyses, the yields of low temperature
(500C) carbonization products from precision assay
tests, and the proximate and ultimate analyses of
char residues from the tests. As the analytical data
appeared to correlate with product yield, regression
studies were made to determine equations and
constants to predict yield. The equations which
were developed, along with the definitions of the
units involved, are presented in Table 152.
Benedict
186
has shown that the mean maximum
reflectance of vitrinite in a coal can be employed to
estimate many properties of the coal. These
properties include volatile matter content, calorific
value, free swelling index, coke yield, product gas
heating value, gas yield, and oil yield. The method
used for determining reflectance must be in accord
ance with ASTM Designation D-2798-69T and must
use samples prepared in accordance with ASTM
Designation D-2797-69T. The relationship between
reflectance and volatile matter and calorific value





ported on the feasibility of correlating the analyses
of U.S. coals with the yields of products obtained
from carbonization. Working with samples of 222
different coals, Landers determined their proximate
The proximate volatile matter content of a coal
has often been used as a primary index of a coal's
convertibility. It has recently been shown
"* 6 3
that
the availability of hydrogen, as reflected by the




Heat of Reaction of Selected
Fuel Gasification Reactions
(Calculations based on heat of formation data)

















-460 39.56480 -93.9868 29.905
-15.987
298.16 25 77 -26.4157 -94.0518 41.2204 31.382 -9.838 -17.889
600 327 620 -26.330 -94.123 41.463 32.163 -9.300
-19.893
700 472 800 -26.407 -94.167 41.343 32.289 -9.064 -20.401
800 527 980 -26.511 -94.216 41.193 32.371 -8.822 -20.823
900 627 1160 -26.635 -94.268 40.988 32.420 -8.578 -21.166
1000 727 1340 -26.768 -94.318 40.782 32.446 -8.336 -21.43
1100 827 1520 -26.909 -94.364 40.546 32.451 -8.095 -21.65
1200 927 1700 -27.056 -94.410 40.298 32.441 -7.857 -21.79
1300 1027 1880 -27.212 -94.456 40.032 32.410 -7.622 -21.92
1400 1127 2060 -27.376 -94.505 39.753 32.359 -7.394 -22.06
1500 1227 2240 -27.545 -94.555 39.465 32.296 -7.169 -22.06
1750 1477 2690 -27.99 -94.68 38.70 32.08 -6.62
2000 1727 3140 -28.46 -94.83 37.91 31.80 -6.11
2250 1977 3590 -28.94 -94.98 37.10 31.49 -5.61
2500 2227 4040 -29.45 -95.14 36.24 31.14 -5.10

























-273.16 -57.107 -36.222 -45.8920 36.232 45.892
298.16 25 77 -57.7979 -36.254 -38.655 -49.271 39.433 49.271
600 327 620 -58.493 -35.630 -42.756 -52.056 42.756 52.056
700 427 800 -58.696 -35.471 -43.626 -52.690 43.626 52.690
800 527 980 -58.882 -35.333 -44.372 -53.194 44.372 53.194
900 627 1160 -59.055 -35.213 -44.662 -53.586 45.008 53.586
1000 727 1340 -59.214 -35.104 -45.54 -53.88 45.54 53.88
1100 827 1520 -59.360 -35.004 -46.01 -54.10 45.79 54.10
1200 927 1700 -59.497 -34.913 -46.37 -54.23 46.37 54.23
1300 1027 1880 -59.622 -34.834 -46.71 -54.33 46.71 54.33
1400 1127 2060 -59.735 -34.770 -46.96 -54.36 46.96 54.36
1500 1227 2240 -59.841 -34.714 -47.19 -54.36 47.19 54.36
1750 1477 2690 -60.067 -34.61
2000 1777 3140 -60.258 -34.57
2250 1977 3590 -60.426 -34.55
2500 2227 4040 -60.588 -34.58
Negative sign denotes exothermic reaction.
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Table 150




























Benzene C6H6 78.114 1,420,923 1,363,643
701.0 1011.3 0.274 4.168
Carbon Dioxide co2 44.010
- - 1073.0 548.0 0.274 1.507
Carbon Monoxide CO 28.011 121,718 121,718 514.0 24'i.8 0.294 1.493
Ethane C2H6 30.070 671,634 614,354 717.0 549.8 0.285
2.373
Hydrogen H2 2.016 123,090 103,997 188.0 60.0 0.304
1.042
Hydrogen Cyanide HCN 27.026 287,002 277,455 735.0 822.3 0.197 2.229
Hydrogen Sulfide H2S 34.076 242,140 223,047 1306.0 672.7 0.268 1.523
Methane CH4 16.042 383,395 345,208 637.0 343.5 0.290
1.595
Nitrogen N2 28.013
- - 492.3 227.2 0.291 1.445
Oxygen 2 31.999
- - 730.4 278.2 0.292 1.193
Phenol C6H6 94.110 1,423,858 1,367,052 889.3 1250.0 0.244 4.233
Propane C3H8 44.097 955,837 879,464 617.0 646.2 0.277 3.206
Sulfur Dioxide SOg, 64.063 - - 1142.0 775.0 0.268 1.956
Water H20 18.016 - - 3206.0 1165.4 0.230 0.898
Particle Size Reactivity
One property of significant importance in many
coal processing schemes is particle size. For any
given process, there usually exists an optimum
particle size range which is desired for the feed
material. This desired size range may be a function
of the conversion technique employed, i.e., moving
bed, fixed bed, fluidized bed, etc., or it may be
determined by the solids handling system used, i.e.,
dry lock hopper, slurry, etc. Some current coal
conversion processes require feed to be pulverized
to less than minus 200-mesh while other processes
can handle feed up to 1/4-inch.
A related property which is also an important
factor is the ability of the individual coal particles
to retain their initial size during handling and
processing. In fluidized-bed processes, attrition and
decrepitation of the feed coal may result in unac
ceptable fines carryover losses. For processes
requiring feed coal as large, discrete fragments
which must withstand high temperatures and blast
velocities, only hard and resistant coals are satisfac
tory feed materials. In addition, the fusibility and
caking characteristics are properties of importance
to moving bed or fluidized-bed processes.
As a general rule, the
"reactivity"
of coals to
conversion increases with decreasing rank. For
instance, anthracite coal has a low reactivity com
pared to the reactivity of lignite. Lurgi measures
the reactivity of a coal being tested by a proprietary
test procedure which involves decomposition of C02






Using this test, coke and anthracite have a reacti
vity of one to two while lignite has a reactivity of
30.
Temperature
According to results reported by the Institute of
Gas Technology,
^ 6 3
the volatile matter in a high-
volatile, low-swelling coal, as reflected by its
weight loss during pyrolysis, is limited by the vapor
pressure of the initial pyrolysis fragments. The
volatile matter released, therefore, will increase
with increasing temperature and with decreasing
molecular weight (coal rank).
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Table 151
Equilibrium Constants - Selected Coal Conversion Reactions






















































x 10 2.6729 x
10"4
9.0072




x 10 1.0893 x
IO"2
4.0380
900 627 1161 1.3352 x
1011
9.2570 x 10 1.925 x
IO"1
2.2059












































































K Kp V,al ues :
298.2 1.0013 x 10
600 327 603 5.0500 x
IO"5
700 427 801 2.4076 x
IO"3
800 527 981 4.3988
-2
x 10
900 627 1161 4.2483 x
IO"1
1000 727 1341 2.6176
1100 827 1521 1.1578 x
IO1
1200 927 1701 3.9945 x
IO1
1300 1027 1881 1.1404
2
x 10
1400 1127 2061 2.7954
2
x 10
1500 1227 2241 6.0805 x
IO2
1750 1477 2691 2.851 x
io3
2000 1727 3141 9.029 x
IO3
2250 1977 3591 2.194 x
io4
2500 2227 4041 4.435 x
io4
Table 151 (Continued)
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Prediction Equations For 500 (
Carbonization Yields
(Data Source: USBM RI#5904)
Tar plus light oil yield, maf, wt %
=
-20.8954 + 0.00333 (Btu)
-0.4624 (FC) + 2.6836 (H2)
Char yield, maf, wt % =
32.1310 + 0.7815 (FC) - 0.2318 (o2)
Gas yield, maf, wt % =
53.9549 - 0.00340 (Btu)
Heating value of gas, Btu/std cf =
-1395.94 + 0.1529 (Btu)
-2.4101 [H20 (AR)]
Gas volume, std cf/lb, maf
=
6.9377 - 0.000216 (Btu)








Fixed carbon, maf, wt %
Oxygen content, maf, wt X
Hydrogen content, maf, wt %
Carbon to hydrogen ratio, maf, wt basis
As-received mositure content, wt %
Most studies to date have indicated that at
temperatures in the range of 900-1110F an in
crease in pressure results in increased yields of coke
and gas at the expense of
tars.1* 6 3
It has been found
that moderate increases up to five atmospheres
results in increased water and gas production at the
expense of tars. Increases beyond this point,
however, lead to increased coke production with the
yields of gas and water remaining relatively con
stant.
Research has also shown that the characteristics
of the gaseous and liquid products are also depen
dent on pressure. With increasing pressure, the
following changes occur:
The proportion of low-boiling constituents
in the tar product generally increases.
The proportions of aromatic light oils
(benzene-toluene-xylene) and tar acids
(phenolics) are increased.
The calorific value of the gas is markedly
increased.
The coking behavior of some coals is
altered so that "hard" coke may be produc
ed from noncaking coals.
While the yields and characteristics of the liquid
products obtained from pyrolysis at
900-1100
F
resemble those of the products from high tempera
ture (1800-2000F) carbonization at atmospheric






= 60.65 - 25.14 x ( 2.3)
Mean Maximum Reflectance R, Percent
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Figure 104. Relationship Between Reflectance and Calorific Value
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The increase in methane content of the product




data on this phenomenon were reported to the
Office of Coal Research by Bituminous Coal Re
search,
Inc.251
Figure 105 shows the dependence of
gas composition upon pressure described in the
reference.
Free Swelling Index
Coals displaying a free swelling index of 2.0 or
higher generally must be pretreated to eliminate
their caking characteristics before being used in a
fixed bed, moving bed, or fluidized bed conversion
reactor.
(3) Secondary gasification of carbonaceous re
sidue from primary gasifier
(4) Removal of C02 , H2S, and other acid
gases
(5) Shift conversion for adjustment of the
carbon monoxide/hydrogen mole ratio to
the desired 1:3
(6) Catalytic methanation of the carbon
monoxide/hydrogen mixture to form meth
ane.
If high-Btu, pipeline-quality gas is desired, essential
ly all of the processing steps are required, as coal
gasifiers do not yield methane in the concentrations
required.
Characteristic Process
Despite the number of coal gasification pro
cesses and variations to processes, all gasification
schemes can be described in one general flowsheet.




Depending on the type of coal being processed
and the analysis of the gas product desired, some or
all of the following processing steps will be required:
(1) Pretreatment of coal (if caking is a prob
lem)
(2) Primary gasification of coal
PRETREATMENT
Certain bituminous coals display caking, or ag
glomerating, characteristics when heated. These
coals are usually not amenable to treatment by
gasification processes employing fluidized-bed or
moving-bed reactors. Even in fixed-bed reactors,
caked coal is difficult to handle. The term
pretreatment refers to a mild oxidation treatment
which destroys the caking characteristic of coals.
The mild oxidation generally consists of a
low-




































Figure 105. Theoretical Dependence of Pure Gas Composition
and Gross Heating Value Upon Pressure
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Figure 106. Processing Routes for Coal Conversion
PRIMARY GASIFICATION SHIFT CONVERSION
Primary gasification involves the pyrolysis of
raw coal. The many schemes proposed involve
pressure ranging from atmospheric to 1000 psi. Air
or oxygen may be admitted to support combustion to
provide the necessary heat. The atmosphere may be
rich in carbon monoxide, hydrogen, water, recycle,
or other gases. The gaseous product from this step
is usually a low-Btu product ranging from essentially
a carbon monoxide/hydrogen mixture
(Koppers-Tot-
zek process) to mixtures containing various propor
tions of carbon monoxide, carbon dioxide, hydrogen,
water, methane, hydrogen sulfide, nitrogen, and
typical products of pyrolysis such as tar, oils,
phenols, etc.
A solid char product also results, and the product
often represents the bulk of the weight of the
original coal. This char is usually either gasified by
additional processing steps or is marketed. The type
of coal being processed determines to a large extent
the amount of char produced and the analysis of the
gas product. In addition, certain coals are more
"reactive"
to gasification than others.
SECONDARY GASIFICATION
Secondary gasification usually involves the gasi
fication of char from the primary gasifier. This is
usually done by reacting the hot char with water
vapor to produce carbon monoxide and hydrogen.
The gaseous product from a gasifier generally
contains large amounts of carbon monoxide and
hydrogen, plus lesser amounts of other gases. Car
bon monoxide and hydrogen, if they are present in
the mole ratio of 1:3, may be reacted in the
presence of a catalyst to produce methane. Usually,
however, they do not exist in this ratio. To adjust
the ratio to the desired value, all or part of the
stream is treated according to the water shift, or
shift conversion, reaction. This involves reacting
carbon monoxide with steam to produce carbon
dioxide and hydrogen. By this exothermic reaction,
the desired 1:3 mole ratio of carbon monoxide to
hydrogen may be obtained. The reaction may be
written as:
CO + H20 C02
+
H2
The catalytic shift conversion reaction is an old,
well-known process, but it has not been applied on
the large scale required for commercial coal gasifi
cation. For coal gas shifting, conventional
iron-
chromium catalysts may be used; however, the coal
gas stream must be purified prior to shifting.
The concentration of carbon monoxide in typical
coal gas is usually an order of magnitude greater
than that encountered in gas streams in conventional
refineries. Certain components present in coal gas
streams may poison conventional catalysts.
Re-
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search is being conducted to find improved shift
conversion catalysts which will work well on coal
gas streams under high pressure and in the presence
of ammonia, phenol, benzene, and organic sulfur
compounds.
METHANATION
Several strongly exothermic reactions may occur
simultaneously within a methanation unit:






CO + H20 -^ C02
+
H2
2 CO -* C02
+ C
A problem arises when the concentration of carbon
monoxide is large in the stream to be methanated.
Large amounts of heat must be removed from the
system to prevent excessive temperatures and de
activation of the catalyst by sintering. In addition,
high temperatures lead to the deposition of carbon
by the fourth reaction shown above. To eliminate
this problem, temperatures should be maintained
below 750F. Following are descriptions of several
methanation processes which are designed to
maximize heat removal.
The tube wall reactor (TWR) system features the
use of catalyst-coated tubes. The Raney nickel
catalyst is flame-sprayed onto the inside surface of
the tubes and the tubes are immersed in a liquid
(such as Dowtherm) which conducts the heat away.
Some quantity of recycle gas, in the ratio from zero
to five, may also be used.
The hot gas recycle (HGR) catalyst system
features a low pressure drop across fixed beds of
various catalysts. This technique uses the sensible
heat capacity of large volumes of cooled recycle gas
passing through the beds to remove the heat.
In fluidized-bed catalyst systems, Raney nickel
or thorium nickel catalysts operate under moderate
pressure. Although heat is quickly removed from
the system by the offgas stream, catalyst attrition
and weight loss have been noted when using this
method.
Extensive research has been conducted by Chem
Systems, Inc. regarding the use of a liquid phase
methanation system. In this process, an inert liquid
is pumped upward through the reactor, operating at
20-68 atmospheres and 570-650F, at a velocity
sufficient to fluidize the catalyst and remove
process heat. At the same time, the coal gas is
passed upward through the reactor where the
methanation reactor occurs in the presence of the
catalyst. It has been found that catalyst attrition is
substantially reduced over that in gas-fluidized beds
because of the cushioning effect of the liquid. A
flow diagram of the liquid phase methanation pro
cess is shown in Figure 107. A skid-mounted pilot
plant has been constructed and tests are being
conducted at the HYGAS gasification plant. The
capacity of the pilot plant is approximately
two
million standard cubic feet per day.
In addition to being damaged by excessive heat,
methanation catalysts can also be poisoned by
carbon deposition and sulfur compounds. The carbon
deposition, resulting from the reaction:
2 CO C + CO,
may be circumvented by feeding carbon monoxide
and hydrogen to the methanator in the ratio of 1:3,
the proper ratio for the formation of methane.
Sulfur poisoning may be alleviated by scrubbing the
synthesis gas feed to less than one ppm of sulfur.
A variety of methanation catalyst materials have
been investigated. Group VIII transition elements
such as iron, cobalt, nickel, ruthenium, rhodium,
palladium, osmium, iridium, and platinum have been
found to be effective catalysts. A review of




With wide industry support, the Conoco Coal
Methanation Company conducted methanation pro
cess testing in a demonstration plant located
adjacent to the Scottish Gas Board's Lurgi gasifiers
at Westfield, Scotland. The plant operated success
fully, producing high-methane gas (95%) at rates up
to 2.5 million standard cubic feet per day.
Processes Under Investigation
A large number of coal gasification processes are
currently under investigation. Some of these are
being developed by individual companies or con
sortiums of private firms. Other processes are being
studied entirely by government laboratories and re
search centers. Still others are being developed as a
joint effort between industry and government agen
cies, usually under a cost-sharing type of contract.
The major gasification processes currently being
studied can be generally divided into four categor
ies, based on the reactor configuration: fluidized-
bed, en trained-bed, fixed-bed, and molten salt. The
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Initial research on the Agglomerating Burner
gasification process was sponsored by Union Carbide
Corporation at Battelle Memorial Institute in the
early 1960's. The process is also known as the Union
Carbide, Union Carbide/Battelle, and Union Car
bide/ Chemico process. A U.S. patent describing the
work conducted at Battelle was issued in March 1965
and assigned to Union Carbide. Additional research
on the process was jointly sponsored by the Ameri
can Gas Association and the U.S. Office of Coal
Research beginning in 1972. The American Gas
Association withdrew support in 1974, and since that
time funding has been provided by the U.S. Govern
ment, originally through the Office of Coal Re
search, and later through the Energy Research and
Development Administration and the U.S. Depart
ment of Energy.
Battelle was awarded a contract in 1973 to
install and operate a 25-ton-per-day process de
velopment unit at Battelle's Engineering Station at
West Jefferson, Ohio. Construction began in mid-
1974 and was completed in August 1976.
Conversion of coal to pipeline-quality gas using
the Agglomerating Burner process requires five
steps: coal preparation, coal pretreatment, coal
gasification, gas cleanup, and methanation. A flow
diagram of the process is shown in Figure 108.
In the coal preparation section, coal is crushed
and separated into two sizes: minus 100 mesh and -
8+100-mesh. Caking coal in the -8+100-mesh range
is fed to a fluidized-bed pretref r where it is mixed
with gas and air at atmospheric pressure and 750F.
It is cooled, fed to the gasifier, and reacted with




































































Figure 108. Agglomerating Burner Process Schematic
is burned with air in a fluidized-bed combustor in a
manner allowing agglomeration of the ash at a
temperature approaching the ash fusion point
(2100 F). Combustion of coal in this self-agglomer
ating mode yields hot flue gases which, because they
are sufficiently free of fly ash, can be expanded in a
gas turbine for energy recovery. Hot ash agglomer
ates are transferred continuously from burner to
gasifier by means of a steam lift. Superheated
steam enters the gasifier below the distributor
plate. Coal is fed through lock hoppers and is
conveyed by inert gas to the gasifier. Hot agglo
merated ash flows downward and transfers a portion
of its sensible heat to support the coal gasification
reactions. The temperature of the hot ash agglo
merates decreases to 1500-1600F. Product gas
from the gasifier is sent to the gas cleanup section.
Most of the agglomerated ash is recycled to the
burner for reheating. Ash equivalent to the ash
content of the coal fed to the burner is removed
from the system continuously to maintain a constant
quantity of ash agglomerates in the cycle.
Burner flue gas, after passing through a cyclone,
is scubbed in a venturi and sent to the stack. There
is also a provision for sending the flue gas through a
heat exchanger and a gas turbine for energy re
covery. The product gas, after leaving a cyclone at
the gasifier, also passes through a venturi scrubber
system. Gas purification, shift conversion, and
methanation systems for the treatment of the
product gas are not part of the present program and
no facilities are being provided for these operations.
There is, however, ample space at the plant site for
future incorporation of these functions. The raw gas
composition from the Agglomerating Burner gasifier
is shown in Table 153.
CARBON DIOXIDE ACCEPTOR PROCESS
Consolidation Coal Company developed the Car
bon Dioxide Acceptor process through the laboratory
stage prior to 1964. The Office of Coal Research
then sponsored additional bench-scale testing work
and pilot plant design studies. Through the con
tinued sponsorship of the federal government (Office
of Coal Research and the Energy Research and
Development Administration) and the American Gas
Association, the Conoco Coal Development Com
pany (CCDC) constructed and operated a pilot plant
facility in Rapid City, South Dakota. The pilot plant
had a capacity of 40 tons of coal per day and three
tons of dolomite per day. It produced 500,000
standard cubic feet per day of high-Btu gas. The
plant was dedicated in 1972 and was used for
extensive testing until late 1977 when it was shut
down.
A flow diagram of the Carbon Dioxide Acceptor
process is shown in Figure 109. In the process, coal
is first crushed to 8 x 100-mesh in hot-gas-swept
impact mills, in which the moisture content is
reduced from approximately 38 weight percent to
approximately 16 weight percent. The hot gas, at
approximately 850F, is supplied by the combustion
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Table 153
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Feed Coal































RECYCLE GAS TO REGENERATOR
TO ORGANIC
WASTE PONDS
RECYCLE GAS TO REGENERATOR
Figure 109. Carbon Dioxide Acceptor Process Schematic
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of coal fines from the mill offgas. The temperature
of the gas injected into the mills is moderated by
the injection of recycled mill offgas.
The coal feed is then further dried to 0-5 weight
percent moisture in flash dryers operating at ap
proximately 240F. It is then conveyed to
fluidized-
bed preheaters where the temperature is increased
to approximately 500F- The coal is then fed to the
gasifier, entering near the bottom of a fluidized bed
of char. In this zone, rapid devolatilization occurs,
followed by the gasification of the fixed carbon with
steam.
The temperature in the gasifier ranges between
1480F and 1550F- Heat for the gasification





usually limestone or dolomite, supplies the necessary
heat through the exothermic carbon dioxide ac
ceptor reaction:
CaO + CO CaCO + heat
This acceptor, having been crushed to 6 x
14-
mesh, enters the gasifier above the fluidized char
bed, showers through the bed, and is collected in the
gasifier boot. Steam for hydrogasification enters
the gasifier through a distributor ring in the boot.
Product gas from the gasifier passes through a
steam-generating heat exchanger, and then goes to a
gas cleanup section.
Spent acceptor leaving the gasifier is calcined in
a regenerator vessel. The heat required for calcina
tion is obtained from the combustion of char product
from the gasifier. The temperature of the regenera
tor is approximately 1850F, a temperature at
which the carbon dioxide acceptor reaction is
reversed. The calcined acceptor is returned to the
gasifier through a standleg. The flue gas from the
regenerator is passed through a heat exchanger
where steam is generated for use in the gasifier.
Both the product gas from the gasifier and the
flue gas from the regenerator are quenched and
purified. The flue gas is either recycled to the
regenerator or flared, whereas the product gas is
sent to the methanation section. The methanation
facilities, which convert the low-Btu synthesis gas
into a high-Btu product, include a shift converter,
carbon dioxide absorber, hydrodesulfurizer, zinc
oxide sulfur guard, and a packed-tube methanator.
One of the most successful operating runs on the
unit was conducted in February 1976. This run
satisfied all of the criteria established by the
ERDA/AGA Operating Committee. The heat and
material balance for this run is shown in
Table
154.1*79 A typical gas composition, using
lignite with a heating value (dry) of 11,350 Btu per
standard cubic foot, is shown in Table 155.
COED/COGAS PROCESSES
Char Oil Energy Development (COED) is a
four-
stage fluidized-bed process which produces an oil, a
gas, and a char product by the pyrolysis of coal. As
originally envisioned, the large quantities of
devol-
atilized char produced would be used as fuel in
conventional steam boilers to generate electrical
power. While this char could probably be burned as
fuel in power plants, it would be difficult to match
the output of char from a synthetic fuel plant to the
requirements of one or more power plants, whose
operations and fuel requirements may vary.
In an attempt to find a better use for the char,
FMC Corporation, the COED developer, sponsored
an industry-supported project to develop a process
for gasifying the COED char. This project was
known as the COGAS project. Thus, any considera
tion of the COED process should also consider the
fact that COGAS is a companion process which
gasifies the COED char product.
Under the sponsorship of the Office of Coal
Research, FMC installed a process development unit
capable of processing 100 pounds of coal per day.
Testing on this unit involved the evaluation of 12
different coals. In 1970, another plant was con
structed by FMC to test the COED process. This
pilot plant was capable of processing 36 tons of coal
per day. The plant operated through the first
quarter of 1975, at which time the facility was
placed in a standby condition.
A flow diagram of the COED process is shown in
Figure 110. The process involves the flow of coal
through four fluidized-bed pyrolysis stages, each
operating at a higher temperature than the preced
ing unit. The temperatures of the stages are
selected to be just below the maximum temperature
to which the particular feed coal can be heated
without agglomerating. The optimum stage temper
atures, and even the number of stages, will vary
depending on the properties of the coal being
processed. Typical operating temperatures are
600-
650F in the first stage; 800-850F in the second
stage; 1000F in the third-stage; and 1600F in the
fourth-stage.
Heat for pyrolysis is provided by burning a
portion of the product char with oxygen in the
presence of steam in the fourth stage. Hot gases
from this stage flow countercurrent to the char,
thus providing the hot fluidizing medium for the
intermediate pyrolysis stages. The gases leaving
both the first and second stages are passed to
cyclones which remove the fines. The vapors
leaving the cyclones are quenched in a venturi
scrubber to condense the oil, and the gases and oil
are separated in a decanter. The gas is desulfurized
and then steam reformed to yield hydrogen and fuel
gas. The hydrogen is returned to the process and the
fuel gas can either be marketed, converted to




Heat and Material Balance-Run 33
Carbon Dioxide Acceptor Process
(0700-2300 Hours February 16, 1976)
Datum: H20(1) 077 F
Individual Reactor Heat and Material Balances
Gasifier Regenerator
Input Output Input Output
Total Lb/Hr 20645.7 20520.1 29889.0 29908.5
H 443.4 447.4 11.0 16.8
C 1780.8 1748.5 1682.3 1682.3
N 178.5 172.1 8584.6 8583.6
0 3219.8 3120.6 4265.4 4290.1
S 12.3 10.7 7.4 6.9
Ash 155.8 165.6 139.9 130.5
MM Btu/Hr 41.232 43.253 19.417 16.140
Heat of Reactions 2.261 2.707
Heat Loss (Calc.) 0.240 0.570
Total 43.493 43.493 19.417 19.417
iOverall Plant Elemental Bal ance-Lb/Hr
% Closure
Input Output (Output/Input X 100)
H 435.3 44.9 102.2
C 1889.6 1857.6 98.3
N 5707.2 5700.7 99.9
0 4997.1 4922.4 98.5
S 13.5 11.3 84.2




1. All flow rates are from direct plant measurement except for the following:
The fuel char transfer rate was calculated by forcing the regenerator
carbon balance.
The gasifier product gas flow rate was increased by the static
pressure test leak rate of 2740 SCFH.
c. The acceptor flow rate up the lift line was calculated by heat
balance, since the actual circulation is not directly measured.
d. The rate of attrition of acceptor into the regenerator flue gas
was assumed to be 20 lb/hr.
2. All gas compositions and ultimate analyses were from direct plant
measurement except for the following:
a. Regenerator flue gas water content was calcualted from water
gas shift equilibrium.
b. Gasifier product gas ammonia content was calculated by assuming that
68 wt % of the nitrogen in the lignite feed is converted to ammonia.
3. All computer program input flow rates have been rounded off to three
significant figures. Thus, the above numbers have no meaning beyond









H2S + COS 0.0
N2
+ Ar 2.9
HHV, Btu/SCF, dry 380
in a fluidized-bed separator. The product char can
then be gasified to yield a low-Btu gas.
As previously described, the companion char
gasification system to be used with the COED
process is the COGAS process. Sponsors of the
COGAS Development Company were FMC Corpora
tion, Panhandle Eastern Pipe Line Company, Tennes
see Gas Pipeline Company, Consolidated Natural
Gas Company, and Republic Steel Corporation.
The COGAS process involves the gasification of
the COED char to produce a synthesis gas composed
of carbon monoxide and hydrogen. The heat for the
char gasification reaction is provided by the com
bustion of part of the char.
The oil from the decanter is dehydrated and
filtered. The product is then hydrotreated to
remove nitrogen, sulfur, and oxygen, thus forming
ammonia, hydrogen sulfide, and water, respectively.
The final oil product is a heavy synthetic crude oil
with an API gravity of approximately 25 degrees.
The char produced by the process is desulfurized
in a shaft kiln, where hydrogen is added to the char,
which in turn reacts with the sulfur to produce
hydrogen sulfide. This hydrogen sulfide is then
absorbed by an acceptor, such as limestone or
dolomite. The char and acceptor are then separated
A summary of pyrolysis operations using the
COED process is shown in Table 156.
1*77
A typical




The HYDRANE process, developed by the U.S.
Bureau of Mines, is not as fully developed as most
other coal gasification processes. To date, it has
only been investigated in laboratory-scale reactors.
One significant potential advantage of the process is
that over 90 percent of the methane produced is
generated within the gasifier, thus minimizing the




















Figure 110. COED Process Schematic
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Table 156
Summary of Pyrolysis Operations
COED Process
























































Coal to stage 1, lb./hr. (wet)
Oxygen to stage 4, scfh
Steam to stage 4, lb./hr.
Nitrogen to sage 4, scfh





















Product output per ton of dry coal
Oil, bbl.
Char, lb.


















Coal moisture as received, wt.% 36.8-41.1 6.3-7.6 11.4-12.0 9.8-13.9
Notes:
1. Second stage product recovery system gas.
2. Liquor yields represent total liquor effluent from plant including fluidizing steam.
3. Operations terminated due to depletion of coal inventory.
Table 157
Typical Properties of COED
Pyrolysis Oils
Utah Illinois
Coal Source A-Seam No. 6-Seam









API Gravity, 60 F -3.5 -4
Moisture, Weight % 0.5 0.8
Pour Point, F 100 100
Viscosity, SUS 210 F 390 1333
Solids, wt. % dry bas is 3.8 4.0
Gross Heating Value, 1Btu/lb. 16,100 15,050
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A schematic of the HYDRANE gasifier is shown
in Figure 111, from
Yavorsky.25
A conceptual
flowsheet of the process is shown in Figure 112.
Coal feed enters the gasifier in the uppermost zone,
where it free-falls through a
countercurrently-
flowing stream of hot gases rising from the second
stage fluidized bed. This configuration allows
agglomerating coals to be hydrogasified, as any
agglomerating properties are destroyed during the
free-fall preheating step.
The preheated solids then enter the second zone,
which consists of a bed fluidized by hydrogen. The
fluidized bed allows for good heat transfer condi
tions and relatively easy temperature control. This
permits maximum conversion without cracking the
produced methane back to carbon, despite the high
methane content of the gas stream.
In other coal gasification processes, both gasifi
cation and methanation are required to produce the
necessary quantity of methane to yield a high-Btu
gas. Chemical and thermodynamic constraints
inherent in the gasification-plus-methanation ap
proach are related to the fact that this approach
requires oxidation of the coal to carbon monoxide
and the reduction of the carbon monoxide to
methane. This "back and
forth"
method requires the
consumption of more coal and oxygen to produce a
given quantity of methane than does the direct


















































Figure 112. Conceptual Flow Diagram for the Hydrane Process
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The gas product from the HYDRANE process,
while it does contain a large methane concentration,
still requires purification and light methanation so
that the final product meets pipeline specifications.
The residual char from the gasifier may be either
completely consumed in synthesis gas production, or
it may be used for power production. Studies
reported by the Bureau of
Mines259 indicate that
only enough char is available to produce synthesis
gas and that some raw coal would be added to the
synthesis gas reactor.
Relatively little public data has been released
regarding the operation of the HYDRANE process,
but some data related to the composition of the gas




The HYGAS process involves the direct hydro
genation of coal in the presence of hydrogen and
steam, under pressure, in two fluidized-bed stages.
Coal is first crushed to minus 14-mesh, and if a
caking coal, pretreated in a fluidized bed at temper
atures between 750 and 850F and at atmospheric
pressure to destroy the caking tendencies.
Non-
caking coal is fed directly into the slurry tank. A
flow diagram of the process is shown in Figure 113.
The raw coal feed is slurried with an aromatic
recycle oil to form a thick slurry. This slurry is first
pumped to approximately 1000 psig and then injec
ted into the top section of the gasifier which
contains a fluidized bed of hot coal particles. Here,
the oil is vaporized and removed, together with the
hot gases passing upward from the lower reactor
stages. The vaporized oil is subsequently recovered
for reuse.
The HYGAS coal gasification process has been
under investigation since 1946 by the Institute of
Gas Technology. Original funding was from the
American Gas Association. Government funding was
later provided by the Office of Coal Research and
continued by both the Energy Research and Develop
ment Administration and the U.S. Department of
Energy. The process is currently in the pilot plant
stage, with tests being conducted at a
75-ton-per-
day plant near Chicago.
The dry coal particles, which leave the slurry
drying section at approximately 600F, flow through
a dipleg into a lift pipe. This pipe serves as the first
stage of hydrogasification. In the pipe, the coal is
contacted with hot gas from lower sections of the
reactor. The gas contains methane, carbon oxides,
hydrogen, and steam. The coal reacts with the
hydrogen, forming additional methane. Approxi
mately one-third of the methane in the final product
is produced in this section.
Table 158
Selected FDP Experiments Establishing the Feasibility
Of Producing Pipeline-Quality Gas
Test No., IHR 156 166 160 157 164 184
Pressure, psig 1000 1200 1500 2000 1200 1000
Coal hvab hvab hvab hvab hvcb lignite
Feed gas/coal ratio, scf/lb 12.3 12.3 13.1 12.4 14.0 12.3
Feed gas composition, vol pet
Hydrogen 49.0 49.2 53.8 49.9 50.1 50.1
Methane 49.4 48.7 43.4 48.4 47.7 47.8
Nitrogen 1.6 2.1 2.6 1.7 2.2 1.8
Carbon monoxide 0.0 0.0 0.0 0.0 0.0 0.2
Carbon dioxide 0.0 0.0 0.2 0.0 0.0 0.0
Carbon conversion, wt pet 25.0 25.6 24.2 30.0 27.8 32.1
Product gas (water-free)/coal ratio,
scf/lb 13.4 13.3 13.5 13.9 16.9 10.6
Product gas composition, water-free
Hydrogen 22.4 22.7 19.7 18.1 21.9 27.9
Methane 71.4 72.2 75.2 79.0 72.8 57.5
Ethane 0.5 0.1 0.3 0.1 trace 0.1
Carbon monoxide 3.2 2.3 1.4 0.5 2.4 6.3
Carbon dioxide 0.7 0.5 0.8 0.4 0.7 5.9
Nitrogen 1.4 2.3 2.4 1.7 1.9 2.1
Hydrogen sulfide 0.4 0.2 0.1 0.2 0.3 0.1
Methane/hydrogen in product 3.19 3.18 3.82 4.36 3.32 2.06
Heatina value, as-received, Btu/scf 817 815 835 863 818 695









































Figure 113. HYGAS Process Schematic
In the second hydrogasification stage, the parti
ally converted coal from the first stage is contacted
with hydrogen-rich gas from the lower stage. The
temperature in the second stage is 1400-1700F.
Approximately one-third of the methane in the final
product is generated in this stage.
Hot residual char is then transferred to the third
stage where it reacts with steam and oxygen in a
fluidized bed to yield a mixture of hydrogen-rich
gases. The gaseous product from this stage passes
upward through the reactor while the ash is removed
from the bottom of the steam-oxygen zone.
The raw product gas leaving the reactor at
approximately 600F is cooled and rinsed in a water
quench before being purified, shifted, and
methana-
ted. Following methanation, the product gas has a
heating value of approximately 930-950 Btu per
standard cubic foot.
As part of the overall HYGAS program, the
Institute of Gas Technology also investigated three
alternative methods of utilizing the char product
from the first two stages of the HYGAS reactor.
All three processes involve the reaction of hot char
with steam to produce hydrogen and carbon mon
oxide. Flow diagrams of the processes are shown in
Figure 114.
The first process studied was the electrothermal
process. A two-megawatt gasifier was completed in
1972. In this process, an electrode was immersed in
a fluidized bed of char and a conductive lining on
the inside wall of the gasifier served as the second
electrode. Costs for the process were estimated by
the Institute of Gas Technology for the Office of
Coal Research.282 It was reported by
Schora202
that 3270 metric tons of char could be gasified using
7.6 x 106Kg per day of steam and 347 megawatts of
power. Costs for this process were shown to be
prohibitive and the technique was dropped in favor
of the other two processes.
Emphasis was then placed on the second char
gasification process steam-oxygen. The lower
stage of the HYGAS reactor was converted from a
heat exchanger to a steam-oxygen gasifier, as shown
in the schematic. A material balance around the
process is shown in Figure 114.
The steam-iron process is the third technique to
be investigated. The earliest use of the technique
featured a fixed, packed bed of iron ore containing
carbon monoxide and hydrogen. The iron was then
oxidized with steam to produce iron oxide plus a
mixture of hydrogen and unreaeted steam. Contin
uous hydrogen production was provided by two beds
which were cyclically reduced and oxidized. This
technique was neither economic nor compatible with
high pressure operations and thus was dropped in
favor of steam reforming of natural gas. The U.S.
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Figure 114. Comparison of Char Gasification Variations Combined
with HYGAS Process to Produce
63xl09
Kcal per Day
Bureau of Mines began research again in the area in
the 1950's and IGT picked up the effort in 1961.
Efforts continued until 1971 under the sponsorship of
Fuel Gas Associates. Since 1973, IGT has been
developing the process under the joint sponsorship of
the American Gas Association and the federal
government (Office of Coal Research, ERDA, and
now Department of Energy).
A steam-iron pilot plant was constructed in 1976
adjacent to the HYGAS pilot facility. A flow
diagram of the plant is shown in Figure 115. In the
plant, a char-water slurry containing from 35 to 50
percent char is heated to produce a lean-phase
mixture of char and steam. The steam lifts the char
to a preheater bed near the top of the producer
vessel. There it is fluidized with air and steam,
thereby burning approximately ten percent of the
feed char and raising the temperature from 600F
to approximately 1750F. The preheated char then
enters the producer vessel where it is gasified at
approximately 2000F with air and steam to yield a
reducing gas. After being cooled with additional
steam, the spent char is discharged at approximately
1000F. The 2000F reducing gas is then fed to the
reducer/oxidizer vessel.
The producer gas enters the vessel at the lower
part of the reducer section. Here it reacts with a
recirculating stream of iron oxides, converting FeO
to Fe. The producer gas reaches a conversion level
of approximately 20 percent before entering the
upper stage. Approximately 65 percent of the
conversion is achieved in the upper stage by the
conversion of Fe3 Oi,. Steam which is fed to the
oxidizer section converts FeO to Fe2 Oi, and roughly
30 percent conversion occurs in this stage. Further
conversion of steam occurs in the upper oxidizer,
where Fe is oxidized to FeO. The system is designed
for a final steam conversion of up to 60 percent.
To achieve full countercurrent operation, four
fluidized beds are used in the process. The reducing
stages are located above the oxidizing stages with
external recirculation of the Fe3 Oi rich solids from
the bottom to the top of the vessel. This con
figuration avoids dual vertical solids transport sys
tems which would be required if the reducer and
oxidizer sections were located side-by-side.
A run conducted on the HYGAS process in
July 1976 established the technical feasibility of
operation on bituminous coal. A material balance
for a portion of this run is shown in Table 159.1*80
SYNTHANE PROCESS
The Synthane process was developed by the U.S.
Bureau of Mines at the Pittsburgh Energy Research
Center in Bruceton, Pennsylvania. The concept for
the process was developed in 1961 during investiga
tions dealing with the pretreatment of caking coals.
It was observed that the proper combination of
oxygen content in the fluidizing gas, temperature,
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Table 159
Material Balance Summary for HYGAS Test 54
From 7/3/76 (1800 hr) to 7/7/76 (0300 hr)
ISasis = 1 hr. All units in lbs. unless noted otherwise.
C H 0 N S CI Ash Other Total
Input
Coal Feed
Wt. % (Dry) 74.14 3.50 8.27 1.74 2.13 - 10.22 100
Coal (Dry) 3,528 167 393 83 101 - 486 4,758
Moisture 10 79 89
Sparger
Oxygen 764 764
Steam 460 3,681 4,141
Burner
Oxygen 0 0
Steam 0 0 0
Hydrogen 0 0
Stripping Ring
Steam 211 1,687 1,898
Nitrogen from purges 487 487
Pump seal flush 75 600 675
Cooling water spray 0 0 0
Water to cyclone pot 533 4,261 4,794





TOTAL INPUT 11,465 101 486 28,045
Output
Reactor Overhead
Wt. % (Dry) 81.61 2.71 4.09 1.52 1.84 - 8.23 100
Dust (Dry) 477 16 24 9 11 - 48 585
Spent Char
Wt. % (Dry) 76.52 1.27 1.12 0.57 0.52 - 20.00 100
Char (Dry) 1,745 28 25 13 12 - 448 2,241
Product Gas After Quench
Total (Dry) 878 189 1,173 282 18 2,540
Components H? 62 62
co2 382 1,019 1,401
C2H6 11 3 14
H2S 1 18 19
N2 282 282
CH4 370 123 493
CO 115 154 269
Water Out + dissolved
materials 8 1,254 9,974 29 4 11,269
Toluene storage tank vent
gases 269 24 439 29 7 768
Stripper vent gas 47 4 70 8 0 129
Light oil out 10,059
13,453
958
2,478 170 "52 r
11.017
TOTAL OUTPUT 11,705 496 28,549
504
102
Net (Output-Input) 394 109 240 -200 -49 10


















Figure 115. Steam-Iron Pilot Plant Schematic
and residence time made possible the pretreatment
of caking coal. Additional research later showed
that pretreatment, carbonization, and gasification
were all possible within a single vessel.
The first process development unit constructed
to test the process was four inches in diameter and
six feet tall. The reactor operated at 40 atmos
pheres and 1800F. Pretreatment in the unit
occurred in a free-fall zone and the unit required a
feed in which 70 percent passed through a 200-mesh.
Later tests used a separate pretreatment vessel,
thus allowing coarser coal to be used.
During 1972 and 1973, tests were conducted in an
18-inch ID, 80-foot-high reactor operated by Hydro
carbon Research, Inc. Satisfactory results in this
unit led to the construction of a 72-ton-per-day pilot
plant at Bruceton, Pennsylvania. Construction of
this plant was completed by Rust Engineering in
March 1975 and initial testing began in 1976. The
project is wholly funded by the U.S. Department of
Energy and The Lummus Company is the operator.
The pilot plant is designed to produce pipeline-
quality gas rather than low-Btu gas, and therefore a
shift converter and a methanation unit are integral
parts of the facility.
The Synthane gasifier itself is a vertical, cylin
drical, fluidized-bed reactor which operates at
approximately 1,000 psig and up to 1800F. A flow
diagram of the entire process is shown in Figure 116
and a detailed sketch of the gasifier is shown in
Figure 117. Coal is first crushed to minus 20-mesh,
dried, and then pressurized to approximately 1,000
psig. Caking coals are then fed to a fluidized-bed
pretreater by high-pressure steam and oxygen. This
pretreatment provides a mild oxidation of the coal
particles to minimize agglomeration in the gasifier.
The coal overflows the top of the pretreater into
the top of the fluidized-bed gasifier about ten feet
above the bed level, falls through hot gases rising
from the fluidized bed and is devolatilized. This
devolatilization contributes significantly to the
methane yield. Steam and oxygen enter the gasifier
just below the fluidizing gas distributor. The
gasification reaction occurs within the fluidized bed.
Unreacted char flows downward into a bed fluidized
and cooled with steam, and is removed through lock
hoppers. This char can then be burned to produce
process steam. The product gas, containing meth
ane, hydrogen, carbon monoxide, carbon dioxide,
ethane, and impurities, is passed through a venturi
scrubber and a water scrubber to remove carry-over
ash, char, and tars. The concentration of hydrogen
and carbon monoxide in the gas is adjusted to a
three-to-one ratio in a shift converter. The acid
gases are absorbed in a hot-potassium carbonate
scrubber. Carbon dioxide is reduced to two volume
percent and sulfur is reduced to 40 parts per million.
Regeneration of the potassium carbonate solution
produces a hydrogen sulfide-rich gas, which is
converted to elemental sulfur by the Stretford
process. The remaining traces of sulfur in the


































Figure 116. Synthane Process Schematic
INTERNAL CYCLONE -
PULVERIZED COAL
H. P. STEAM a OXYGEN,
GAS TO VENTURI SCRUBBER
-TRICKLE VALVE
CHAR TO LOCK HOPPER
HP. STEAM
H P STEAM TO SHIFT
CHAR TO LOCK HOPPER
- TRICKLE VALVE
CHAR BOTTOM OUTLET
Figure 117. Synthane Gasifier
activated charcoal. The purified gas must be
reacted catalytically to convert the hydrogen and
carbon monoxide to methane. Both the hot gas
recycle and tube wall reactor methanation systems
are being investigated.
Some typical operating data for the Synthane
process are shown in Table
160.1*85
TRI-GAS PROCESS
Initial development of the TRI-GAS process
began with laboratory investigations by Bituminous
Coal Research (BCR). Successful operation of a
small laboratory-scale fluidized bed batch reactor
led to the design and construction of a process
development unit with a capacity of 100 pounds of
coal per hour. The plant is located in Monroeville,
Pennsylvania. The project is currently being funded
by the U.S. Department of Energy.
The TRI-GAS process involves a three-stage
gasification sequence. Stage 1 of the system re
ceives the raw coal and functions as the pretreat
ment step in which the coal is devolatilized. Stage-
3 flue gas is used as the fluidizing medium for
Stage 1. The coal then flows by gravity to Stage 2,
where devolatilized coal is gasified with air and
steam to generate the desired product gas. Stage 1
flue gas is fed to Stage 2 where the entrained tars
and oils are gasified. The remaining char from
Stage 2 is consumed in Stage 3 by fluidized combus
tion. The ash discharged will contain only a
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(1) Standard conditions: 60 F, 1 atm.
(2) Includes 21,560 SCFH of transport, Petrocarb, and purge CO-,
The advantage claimed for this process is that
both caking and noncaking coals can be used. In
addition, low-Btu fuel gas is the only product; no
wastes or by-products such as tars and oils are
produced. The end use of the gasification product
dictates the operating conditions as well as the
gasifying medium. For example, gasifying with air
and steam will yield a low-Btu fuel gas, and
gasifying with oxygen and steam will yield a
medium-Btu gas.
Some of the initial testing on the process
development unit involved the processing of various
feeds in the Stage 1 gasifier (pretreater). One of
the first coals tested was a Western noncaking coal
(Montana Rosebud). Correlations were then de
veloped relating the properties of the product char
to the Stage 1 operating temperature. Subsequent
testing involved Illinois No. 6 coal, known for its
caking properties. It was found that a non-caking
product char could be obtained at a temperature of
less than 800F and in the presence of oxygen.
Further testing at 900 and 1000F demonstrated the
ability to devolatilize the coal while avoiding cak
ing.
U-GAS PROCESS
The U-Gas process is being developed by the
Institute of Gas Technology (IGT). The process is an
outgrowth of studies begun in 1945 by IGT to
investigate the kinetics of carbon-oxygen-steam
reactions at atmospheric pressure and 2700F. A
six-inch diameter reactor was constructed in 1947 to
investigate the gasification of coal and coke fines.
In 1950, an 18-ton-per-day pilot plant was construc
ted. As part of the HYGAS process development
program, a low-pressure U-Gas gasifier was con
structed and began operation in 1974. This reactor
had a diameter of four feet and was capable of
processing six tons of coal per day.
Recently, the U.S. Department of Energy award
ed a contract to Memphis Light, Gas and Water
Company to prepare a conceptual design of a plant
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using the U-Gas process. The plant would produce
175 MMSCFD of medium-Btu gas (300 Btu/SCF)
from 2,800 tons-per-day of coal. The product gas
would be used for industrial parks in the vicinity.
The Foster-Wheeler Corporation will provide archi
tect-engineering and construction services.
The U-Gas reactor is a vertical vessel containing
an internal cyclone for returning elutriated fines to
the bed. A sloped grid at the bottom of the vessel
serves as both an ash outlet and a steam/air
distributor. A schematic of the U-Gas process is
shown in Figure 118.
The raw feed coal is first crushed to minus 1/4-
inch. Lignite, or non-caking subbituminous coals can
then be fed directly to the gasifier. Caking coals,
on the other hand, must first be pretreated by
contact with air in a fluidized-bed reactor operating
at gasifier pressure and approximately 700-800F.
This pretreatment step forms an oxidized layer on
the surface of the coal particles, thus preventing
agglomeration in the gasifier.
Once in the gasifier, the coal is gasified
with a
mixture of air and steam in a single fluidized bed.
The reactor operates at 50-350 psig and 1900F.
The residence time of the coal is 45 minutes to one
hour.
The grid in the bottom of the reactor is sloped
toward one or more inverted cones. While some of
the fluidizing gases (steam and air) flows upward
through the grid. The remainder flows at a
relatively high velocity through
the cones. The ratio
of steam to air in the gas fed to the cones is
selected so that the resulting submerged jet in the
cone is hotter than the surrounding area. The
temperature of the jet is maintained near the
softening point of the ash
particles. These particles
tend to agglomerate and increase in size until they
are heavy enough to fall through the rising gases and
the agglomerates are then removed from the gasi
fier through a lock hopper system.
The gases leaving the pretreater and gasifier are






















































Figure 119. Hydrocarbonization Process Schematic
sensible heat and are treated to remove the sulfur
compounds. With air-blown operation, the product
gas typically has a heating value of approximately
155 Btu per standard cubic foot, whereas if the
gasifier is oxygen-blown, the product gas may have
a heating value of approximately 300 Btu per
standard cubic foot. The gasifiers to be constructed
for the Memphis Light, Gas and Water Project will
be oxygen-blown. Using an air-blown gasifier
operating at 340 psig, the cold gas efficiency of the
U-Gas process is 79 percent, with an overall thermal
efficiency of 79 percent.
UNION CARBIDE HYDROCARBONIZATION
PROCESS (COALCON)
The Union Carbide Hydrocarbonization process
was to be used by Coalcon Company, Inc., an
affiliate of Union Carbide, in a demonstration plant.
The demonstration plant was designed to convert
2,600 tons per day of high sulfur coal into 3,900
barrels per day of heavy oil and approximately 22
million standard cubic feet per day of high-Btu gas.
The site of the proposed plant was New Athens,
Illinois. The Coalcon consortium was officially
disbanded in September 1977. No demonstration
plant is scheduled for construction but Union Car
bide is continuing development work.
The process can generally be divided into five
main areas: 1) coal preparation, 2) hydrocarboniza
tion, 3) product cooling and liquid separation, 4) gas
processing, and 5) hydrogen generation. A flow
diagram of the process is shown in Figure 119.
Coal is first crushed, milled, and classified, then
fed to the coal preheating unit. In this vessel the
coal is entrained in a hot, oxygen-free flue gas. This
heating step helps maintain the reactor heat effici
ency and also drives off some volatiles and moisture.
After heating to approximately 617F, the coal is
held in the coal feed hopper before it is pressurized
to the operating pressure of the system, which is ap
proximately 37 atmospheres. The coal is then
dropped from the lock hoppers into another coal
holding vessel. From there, it is gravity fed into an
injection vessel where it is fluidized with hydrogen
at 1040F and 51 atmospheres. This mixture enters
the reactor, which operates at 37 atmosperes and
1040F. The residence time in the reactor is
approximately 25 minutes. The solids which are not
gasified are removed from the reactor through the
bottom of the reactor vessel. This char product may
either be used to generate hydrogen, or be burned to
generate steam.
The residence time of the gas passing upward
through the reactor is approximately 25 seconds.
This gas is heavily laden with fines, which are
subsequently removed by two cyclones. The gas
from the cyclones is then sent to a fractionator for
cooling and separation. Four streams are produced
by the fractionator:
Overhead gas (hydrogen, carbon monoxide,
carbon dioxide, methane)
Light liquids (#2 fuel oil)
Heavy liquids (#5 and #6 fuel oil)
Waste water
The heavy oil product is cooled to about 100F
and pumped to storage. The overhead product is
condensed and fed to a decanter where the light fuel
oil, overhead gas, and waste water are separated.
Some of the light oil is sent to the fractionator as
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Table 161
Projected Product Yield Summary
for Hydrocarbonization Process
Based on Pittsburgh No. 8 Coal












reflux and the remainder is sent to storage as
product. The remaining gas is treated in a series of
separation and purification systems which include
ammonia removal and recovery, acid gas removal,
and a cryogenic gas processing system. The latter
system manufactures fuel gas, synthesis gas, and a
hydrogen-rich gas stream. This hydrogen stream is
recycled to the reactor, while the synthesis gas is
sent to a methanation reactor for upgrading to
high-
Btu pipeline gas. The fuel gas may either be burned
at the site or marketed. The projected product yield





The pressurized fluidized-bed process is being
developed by Westinghouse Electric Corporation
through sponsorship of both the U.S. Department of
Energy and industrial contributors. The industry
team is composed of:





A 15-ton-per-day process development unit was
constructed in 1974 to establish operating charac
teristics of the process and provide data for scaleup
to a pilot plant. The site of the unit is at Waltz
Mill, Pennsylvania. The overall research program is
directed toward the operation of a combined-cycle
power plant integrating a gasifier with a
130-Mw-
range state-of-the-art turbine.
A schematic of the coal gasification system is
provided in Figure 120. Production of low-Btu gas
by this process requires completion of three opera
tions: coal preparation,
devolatilization-desulfuri-
zation, and gasification-combustion. In the coal
preparation section, the coal is crushed to
-6+100-
mesh, dried, and transported to a reactor vessel for
devolatilization-desulfurization and partial hydro
gasification. A central draft tube is used primarily
for recirculating solids. Recycled solids required to
dilute the feed coal and temper the hot inlet gases
flow downward in the fluidized bed surrounding the
draft tube. The fluidizing agent is a portion of the
gases entering the unit. Recirculating solids have
flow rates up to 100 times the coal feed rate to
prevent the agglomeration of the feed coal as it
devolatilizes and passes through the plastic or sticky
phase. Dense, dry char collects in the fluidized-bed
at the top of the draft tube and is withdrawn at this
point. Dolomite or calcium oxide (sorbent) is added
to the fluidized bed to absorb the sulfur present as
hydrogen sulfide in the fuel gas. Spent sorbent is
withdrawn from the bottom of the reactor and
regenerated. Heat for devolatilization is supplied
primarily by the high-temperature fuel gas produced
in the gasifier-eombustor. After separation of fines
and ash, product gas is cooled and scrubbed with
water for final purification.
Final gasification occurs in a fluidized-bed gasi
fier-eombustor. Char from the devolatilizer-desul-
furizer is burned with air in the lower leg of the
gasifier at 1900-2000F to provide the heat for
gasification. Heat is transported from the combus-
tor to the gasifier by combustion gases flowing
upward and by fines that escape upward and are
trapped and recycled to the space between the
combustor and gasifier. Ash from combustion of
fines agglomerates on the ash from the char and
segregates in the lower bed leg for removal.
WINKLER PROCESS
The Winkler process was developed in Europe
over 50 years ago. Along with other pre-1965
processes, the Winkler process is discussed in the
Appendix. The process developers are Davy
Power-
gas, Inc. of Lakeland, Florida, a subsidiary of Davy
International, Ltd., of London, and its affiliate,
Bamag Verfahren-Stecknik GmbH, of West Germany!
A total of 16 Winkler plants have been constructed,
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Figure 120. Schematic of the Gasification Process
Development Unit
involving a total of 36 generators. These plants are
still in operation, with the largest unit having a
capacity of 1.1 MMSCFD. Most of
the plants
produce low-Btu gas (air-blown), or synthesis gas for
the production of methanol, ammonia, or oil by the
Fischer-Tropsch process.
A diagram of the Winkler process is shown in
Figure 121. Dried, crushed coal (minus 8-mesh) is
fed to the fluidized-bed gasifier through a
variable-
speed screw feeder. Once in the bed, the coal is
contacted with steam and oxygen injected near the
bottom of the vessel. The upward flow of this steam
and oxygen maintains the bed in a fluidized state.
The temperature of the bed is 1500-1800F and the
pressure is slightly above atmospheric.
Because of
the high operating temperature, all
tars and heavy
hydrocarbons are reacted.
Approximately 70 percent of the coal ash
is
carried over by the gas flow and 30 percent
is
removed from the bottom of the vessel by screw
conveyors. Unreacted carbon contained in the
carryover ash is consumed by the injection of
supplemental steam and oxygen in the space above
the bed. To moderate the bed temperature, and
thereby minimize the melting of ash, a
heat ex
change surface is provided in the dilute phase to
remove heat and generate steam. The raw gas
leaving the gasifier, rich in carbon
monoxide and
hydrogen, is cooled to approximately 1300F in
a
boiler. The gas then passes through a heat exchan
ger to superheat steam, then through a waste heat
boiler and a cyclone to remove entrained char.
Further gas cleanup is done by wet scrubbers,
electrostatic precipitators, and sulfur removal
equipment.
The product gas has a heating value of approxi
mately 275 Btu per standard cubic foot, but this can
be increased to 960 Btu per standard cubic foot by
methanation. A material balance around a
three-
































Figure 121. Diagram of Winkler Process
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Table 162
Material Balance of A 3 ATM Winkler Gasifier
(Product Gas Cooled to 104 F)
Basis: 1 lb. Coal








(b) Reaction Steam, lb.
(c) Oxygen, lb. (98% vol.)
(d) Air, SCF







































Water, Vol /Vol of dry gas
Product Dry Gas Rate, Scf
Dust in Product Gas, Grains
1000 Scf








Char in Slurry, lb. 0.04 0.04
(d) Waste Water, lb. 0.38 0.38
Gasifier Carbon Efficiency:
C in gas from the Winkler plant 89.21 89.08
C in coal to the Winkler plant
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BI-GAS PROCESS
Bituminous Coal Research, Inc. (BCR) conducted
a survey for the Office of Coal Research dealing
with coal gasification processes available prior to




very-high-pressure gasifier offered advantages over
all other gasifiers. This decision led to the
development of the BI-GAS process.
The BI-GAS process is currently being developed
on the pilot plant scale by BCR under the auspices
of the U.S. Department of Energy and the American
Gas Association. The pilot plant operational pro
gram is being managed by Phillips Petroleum Com
pany. The pilot plant, located near Homer City,
Pennsylvania, is capable of processing approximately
120 tons per day of coal, yielding two million
standard cubic feet per day of high-Btu gas. Opera
tion of the plant is scheduled to continue until mid-
1980, at which time a full process evaluation will be
made.
The BI-GAS process is a two-stage, high-pres
sure, oxygen-blown slagging system using pulverized
coal in an entrained flow. A diagram of the process
is shown in Figure 122.
Raw coal is first pulverized so that 70 percent
passes through 200-mesh. It is then mixed with
water and fed to a cyclone, where the solids are
concentrated into a slurry. This slurry is further
concentrated in a thickener and centrifuge,
re-
pulped, and mixed with flux to produce the desired
consistency.
A pump transports the blended slurry at high
pressure to a steam preheater. Here it is contacted
with hot recycle gas in a spray drier which nearly
instantaneously vaporizes the surface moisture. The
coal is then conveyed to a cyclone at the top of the
gasifier vessel by a stream of water vapor and inert
recycle gas, as well as additional recycled gas from
the methanator. The coal is separated from the
recycle gas in the cyclone and the coal flows by
gravity into the gasifier.
The coal enters the gasifier through injector
nozzles near the throat which separates the stages.
Steam is injected through a separate annulus in the
injector. The two streams combine at the injector
tip and join the hot synthesis gas from Stage 1. A
mixing temperature of approximately 2200F is
rapidly attained and the coal is pyrolyzed to produce
methane, synthesis gas, and char. The raw gas and
char rise through Stage 2 and leave the vessel at
approximately 1700F. They are then quenched to
800F by atomized water prior to separation in a
























iVA TFR. OIL AND
FLOATING CHAR
Figure 122. BI-GAS Process Schematic
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synthesis gas passes through a scrubber for addi
tional cooling and purification. The clean gas is
then sent to a shift converter to adjust the ratio of
carbon monoxide to hydrogen.
Following the shift converter, the gas passes
through three operations: hydrogen sulfide removal,
carbon dioxide removal, and methanation. Three
process alternatives are to be investigated. Alter
native I involves the removal of both hydrogen
sulfide and carbon dioxide in a Selexol unit with the
sulfur being subsequently recovered in a Claus plant.
The clean gas system is then methanated in a
fluidized-bed catalytic unit to yield high-Btu gas. In
Alternative II, only hydrogen sulfide is removed in
the Selexol unit and the remaining gas stream goes
to the methanator. Alternative III allows the gas
stream to pass directly from the shift converter to
the methanator. The hydrogen sulfide and carbon
dioxide are removed following methanation.
Design and operating data for the
five-ton-per-





This entrained-bed gasification process is being
developed by Combustion Engineering, Inc. under the
sponsorship of the U.S. Department of Energy and an
industry team composed of Combustion Engineering
and the Electric Power Research Institute. A
120-
ton-per-day process development unit was construc
ted in 1977 and testing began in early 1978.
Table 163
















ID, 3-9/16 in. thick
Tubes: 1-1/2 in.

























Acid Gas Acid Gas
Removal Removal Final
Component Gasifier CO-shift Plant Plant Pipeline





Carbon Dioxide 16.2 12.6 0.5
Carbon Monoxide 22.1 17.2 13.2 19.3 0.1
Hydrogen 14.2 19.0 40.7 59.5 4.6
Methane 11.8 9.2 13.7 20.0 92.7
Nitrogen 0.5 0.4 0.6 0.9 2.1
Hydrogen Sulfide 0.6 0.5 0.7 0 0
Steam 24.6 41.1 0.1 0.1 0
Total 100.0 100.0 100.0 100.0 100.0
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The gasification process is based on an air-blown,
atmospheric-pressure, entrained-bed slagging gasi
fier. A schematic of the process is provided in
Figure 123. In the process, a portion of the
pulverized coal and recycled char are fed to the
combustion section of the gasifier and burned to
supply the heat necessary for the endothermic
gasification reaction. In the combustion section,
nearly all of the ash in the system is converted to
molten slag, which is then drawn off the bottom of
the gasifier. The remainder of the pulverized coal is
fed to the reduction portion of the gasifier where it
is contacted with hot gases entering the reaction
zone from the combustor. The gasification process
takes place in the entrainment portion of the
reactor where the coal is devolatilized and reacts
with the hot gases to produce the desired product
gas. This 1700F product gas is then cooled to
300F. At this point, the gas contains solids
particles and hydrogen sulfide that must be re
moved. Solids are removed and recycled to the
combustor by means of a spray drier, cyclone
separators, and venturi scrubbers. Hydrogen sulfide
is removed and elemental sulfur produced by the
Stretford process. The clean low-Btu gas (127 Btu
per standard cubic foot) can then be delivered to the
burners of power boilers, gas turbines, or com
binations of the two in a combined-cycle power
generator.
Operating conditions will have a variety of
effects on the cost and quality of the gas produced
in this system. For example, oxygen could be
substituted for air in the gasifier combustor, thereby
increasing the heating value of the product gas from
127 to 285 Btu per standard cubic foot. Conversely,
this change will also increase the cost of producing
the gas, depending on the price of oxygen and the
quantity used.
The value of the atmospheric gasification system
is that development work is only necessary on the
operation and control of the gasifier. All other
components are commercially available items with
predictable operating characteristics.
KOPPERS-TOTZEK PROCESS
The Koppers-Totzek (K-T) process was intro
duced in 1938, and, therefore, is discussed in the
Appendix along with other pre-1965 gasification
processes. The K-T process was developed com
mercially by Friedrich Totzek of Essen, Germany,
and the Koppers Company, Inc. of Pittsburgh in
1949, following the successful operation of a 36-ton-
per-day gasifier for the U.S. Bureau of Mines in
1948. There are approximately 20 K-T coal gasifi
cation plants currently in operation throughout the
world, none of which are located in the United
States. These units are oxygen-blown, operate at
atmospheric pressure, and generate a raw synthesis
gas rich in carbon monoxide and hydrogen. In most
of the plants, this gas is used in ammonia synthesis.
One French plant uses the gas for methanol synthe
sis. It is possible, through shift conversion and
methanation, to convert the raw product gas into
pipeline-quality, high-Btu gas. Recent descriptions


















































Figure 123. Schematic of Low-Btu Gasification of Coal for
Electricity Generation
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The possibility currently exists that two K-T
gasifiers will be constructed in the United States.
Air Products and Chemicals, Inc., Allentown,
Pennsylvania was recently selected by the U.S.
Department of Energy to negotiate for the design,
construction, and operation of a K-T facility to
produce hydrogen for use in industrial processes.
The plant will be located at Cedar Bayou (near
Baytown), Texas, and will use 1210 tons per day of
Texas lignite to produce 29.5 million standard cubic
feet per day of hydrogen and 7 million standard
cubic feet per day of carbon monoxide. The 99
percent pure hydrogen produced by the two K-T
gasifiers will be distributed through existing pipe
lines to industries in the area.
Advantages claimed for the K-T process are that
all ranks of coal may be charged, the process has
been shown to be commercially successful, units
may be automated, the unit can be turned down to
as little as 25 percent capacity, and the product gas
is essentially free of methane (an advantage if
methanol production is the objective). Using a
four-
headed gasifier unit, 850 tons of coal per day can be
processed.
The K-T process is an entrained solids gasifica
tion process which operates at atmospheric pressure.
The reactor itself is a relatively small cylindrical
refractory-lined coal
"burner"
into which are injec
ted coal, oxygen, and steam through at least two
burner heads. The partial oxidation process pro
duces carbon monoxide, hydrogen, and heat. A
sketch of a typical K-T gasifier is shown in
Figure 124.
Feed coal for the K-T process is first crushed so
that 70 percent will pass through a 200-mesh screen.
The coal is then mixed with oxygen and low pressure
steam, and injected into the gasifier through a
burner head. These heads may be spaced 180
degrees or 90 degrees apart, reresenting two-headed
or four-headed opposed burner arrangements. The
burners are designed so that steam envelopes the
flame and protects the reactor walls from excessive
heat.
Reaction temperature at the burner discharge is
3300 to 3500F. The entrained bed reactor typically
operates at an exit temperature of about 2700F-
The pressure is maintained just slightly above
atmospheric. Typically, only about 85-90 percent of
the total carbon is gasified in a single pass through
the gasifier. Carbon conversion is a function of the
reactivity of the coal and approaches 100 percent
for lignite.
The intense heat of the gasifier generally melts
one-half of the ash and this slag is removed from the
bottom of the gasifier through a water seal. Gases
and vaporized hydrocarbons produced by the coal at
medium temperatures immediately pass through a
zone of very high temperature in which they
decompose so rapidly that coal particles in the
Figure 124. Typical Koppers-Totzek Coal
Gasifier Burner Arrangement
plastic stage do not agglomerate. Thus, any type of
coal can be gasified irrespective of caking tenden
cies, ash content, or ash fusion temperature.
The heat contained in the hot process streams
leaving the gasifier is recovered in waste heat
boilers, thus generating process steam and plant
steam. Low pressure steam produced in the gasifier
jacket is returned to the gasifier as process steam.
Because of the high operating temperature, the
gas produced contains no ammonia, tars, phenols, or
condensable hydrocarbons. To upgrade the raw gas
to synthesis gas, all or part of the carbon monoxide
content can be shifted with steam to produce addi
tional hydrogen plus carbon dioxide, which can be
removed. By incorporating a methanation step,
high-Btu gas can be produced.
Typical data for K-T processing of Western U.S.
subbituminous, Illinois high-volatile B bituminous,
and Eastern U.S. high-volatile A bituminous coals
are presented in Table 165, from
Farnsworth.21*8
A
heat balance around the gasifier is shown in
Table 166. A material flow diagram for a K-T
process producing pipeline-quality gas from Eastern
U.S. coal is shown in Figure 125.
TEXACO PROCESS
The Texaco coal gasification process is essential
ly a modification of the Texaco synthesis gas
generation process, which was developed in 1945.
Over 75 of the synthesis gas generation plants have
been licensed since the early 1950's, involving some
160 gasifiers. The feedstock for these units has
included natural gas, naphtha, heavy fuel oil, and




K-T Gasifier Data For U.S. Coals
Type of Coal Western Coal Illinois Coal Eastern Coal
GASIFIER FEED



























Gross Heating Value Btu/lb 9,888. 11,388. 12,696.
Oxygen-NT/NT Dried Coal
Purity-%






























H2 32.86 34.62 35.39
N2 1.12 1.01 1.14
H2S 0.28 1.83 0.35
COS 0.02 0.12 0.04
Total 100.00 100.00 100.00
Gross Heating Value, Btu/SCF
Gas Make SCF/NT Dried Coal
Slag Make - NT/NT Dried Coal
Process Efficiency
















has been used for the production of ammonia,
methanol, hydrogen, reducing gas, fuel gas, and
Fischer-Tropsch liquid hydrocarbons.
Development work on the coal gasification pro
cess began in 1948 and has since involved pilot plant
testing using feedstocks such as lignite, bituminous
coal, anthracite, char, and petroleum coke. A
100-
ton-per-day demonstration plant was constructed at
the Morgantown Ordnance Works in West Virginia in
1956 and Texaco is currently operating a
15-ton-per-
day pilot plant at the Montebello Research Labor
atory in California.
In August 1977, the U.S. Department of Energy
awarded a contrct to W. R. Grace and Company to
prepare a conceptual design of a medium-Btu gasifi
cation plant for use in manufacturing ammonia. The
facility would use the Texaco coal gasification
process to gasify 1700-tons-per-day of ammonia.
The plant would be located at Baskett, Kentucky.
The Texaco process will also be installed at the
Tennessee Valley Authority's National Fertilizer
Development Center at Mussle Shoals, Alabama.
The plant, which is scheduled for completion in
1980, will produce 135 tons per day of ammonia.
The Texaco process gasifies coal under high
pressure in an entrained bed by the injection of
oxygen (or air) and steam with cocurrent gas/solid
flow. A diagram of the process is shown in
Figure 126. The coal feed is first crushed in a two-
stage system, the second step being performed under
an inert atmosphere. The crushed coal is then mixed
with either water or oil to form a pumpable slurry.
The slurry is then pumped, under pressure, into the
gasifier vessel.
The gasifier is a refractory-lined chamber inside
a pressure vessel. In this unit the slurry reacts with
either air or oxygen at high temperature in a flame-
type reaction environment. A less-than-stoicio-
metric amount of oxygen is added for combustion.
When pure oxygen is injected into the gasifier, some
steam or water is usually added to moderate the
gasifier temperature. However, if water is used as
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Table 166
K-T Gasifier Heat Balance
(Eastern U.S. Coal of 2% Moisture)
Gas Temperature of 2732 F
Btu/NT Coal
Heat Input - Above 60 F As Charged
Calorific Value of Coal 25,392,000
Sensible Heat in Coal at 160 F 57,000
Sensible Heat in Oxygen at 220 F 57,240
Total Heat in Steam at 250 F 667,290
Total 26,173,530
Heat Output - Above 60 F
Heat in Molten Slag and Ash 218,700
Sensible Heat in Unburned Carbon 74,680
Calorific Value of Unburned Carbon 984,930
Calorific Value of Gas 19,708,380
Sensible Heat - Dry Gas 3,763,920
Total Heat - Water Vapor In Gas 912,910
Total Heat - Gasifier Jacket Steam 453,910
Sub-Total 26,117,430
Gasifier Heat Loss 56,100
Total 26,173,530
the slurry medium, no additional moderator is
required. The gasifier currently in use at Texaco's
Montebello site operates at 350 psig but a newer
vessel with an operating pressure of 1200 psig is
being constructed.
The product gas from the reactor contains
primarily carbon monoxide and hydrogen, but may
contain appreciable quantities of nitrogen if the
reactor is air-blown. Some small quantities of
carbon dioxide and steam may also be present. No
oils or tars are produced by the process; methane is
the only hydrocarbon gas generated. The sulfur in
the feed coal is reduced during gasification to
produce hydrogen sulfide or carbonyl sulfide and the
nitrogen present is converted to ammonia or dia
tomic nitrogen.
The product gases and molten slag produced in
the reaction zone pass downward through a water
spray chamber and a slag quench bath. The
temperature is reduced adequately by the quench
process to allow unlined steel equipment to be used.
The cooled gas and slag are then removed for
further treatment. An alternative method of cool
ing the gas is to pass the unquenched hot gas through
a gas cooler in which high pressure steam is
generated. The decision as to which cooling method
should be used depends on the ultimate end use of
the gas. The direct water quench process is used
when the medium-Btu gas product is to be used for
the production of ammonia or hydrogen, because the
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Figure 125. Material Flow Diagram for K-T Process
High-Btu Gas from Eastern U.S. Coal
In most instances, the gas leaving the quench
unit, once it is separated from the slag, is treated to
remove the carbon fines and ash. These are
subsequently recycled to the slurry preparation
system. The gas is then treated for acid gas
removal and elemental sulfur is recovered from the
hydrogen sulfide-rich stream.
A series of tests was conducted by Texaco
involving the production of a low-Btu gas for use in
a combined-cycle gas turbine system for power
generation. Performance summaries for these tests
are shown in Table 167.
FOSTER WHEELER-STOIC PROCESS
Foster Wheeler Energy Corp. acquired the design
of the two-stage gasifier from Stoic Combustion
Pty. Ltd. of Johannesburg, South Africa. Stoic has
thirty installations around the world, and one in
South Africa that has been in operation 30 years.
The first installation in the United States is located
at the University of Minnesota in Duluth. In a
project funded in part by the U.S. Department of
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Figure 126. Texaco Gasification Process
Tabl e 167
Typical Texaco Gasificat ion Performance Summaries
Western Coal









Slurry Solids Loading, % 47.5 56.0 65.7
Fuel Flow, kg/hr. 191.3 480.1 671.7 310.7
Moderator Flow, kg/hr. 377.3 351.1 261.3
Moderator None Water Water Carbon Dioxide
Oxidant, m /hr. 810.0 809.8 452.8 250.9
3
Dry Product Gas, m /hr. 1061.3 944.9 1433.4 936.2
Product Gas Composition









High Heating Value, kcal/m
(H2S and COS-free basis)
Cold Gas Efficiency, %
12.95 36.15 35.79 31.05
23.49 41.55 50.71 61.39
3.11 20.64 13.14 6.96
60.29 .38 .24 .06
.02 .40 .09 .14
.13 .80 .02 .39
.01 .05 .01 .01
1045 2283 2488 2570
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1 ^- Tar product
Figure 127. Schematic of Foster Wheeler-Stoic Process
Energy (DOE), Foster Wheeler is responsible for
installing a unit to fuel the campus steam heating
plant which currently uses natural gas and oil. The
installation is part of a DOE program to evaluate
coal gasification technology in normal working en
vironments. The DOE agreement was signed in late
1976 and construction started in July 1977, with
steady state operation scheduled for May 1978. The
ten-foot-diameter two-stage gasifier will be used to
provide up to 60 million Btu per hour. A schematic
of the process is shown in Figure 3 and a detailed
diagram of the gasifier is shown in Figure 4.
The upper stage of the gasifier is the distillation
zone, and the lower, the gasification zone. The Btu
content of the gas produced ranges from 106 to 205
Btu per standard cubic foot, depending on the coal
feed composition, gasifier operating conditions and
processing operations applied to the top gas and side
gas streams. The coal enters the top of the unit and
the heat for the distillation operation is produced in
the gasification zone. The coal is reduced to coke
by the time it reaches the bottom of the distillation
zone. Ash is removed from the base of the gasifier
through a water seal, and steam and air are intro
duced through a grate at the base of the coal bed.
The seam-air mixture is preheated by passage
through the bed of hot ash and enters the fire zone,
a narrow band four to ten inches deep, operatiing at





Figure 128. Diagram of Foster Wheeler-
Stoic Gasifier
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the fire zone, producing carbon monoxide, some
carbon dioxide and hydrogen, and generating the
heat for the balance of the gasification reactions.
The gas exiting the distillation zone is known as the
top gas. The gas leaving the gasification zone is the
bottom gas. The temperature of the top gas is
250F and the bottom gas is at 1200F. The
sensible heat in the bottom gas entering the distil
lation zone provides the heat for driving the
volatiles off the coal. This step is accomplished
slowly and gently, without cracking, repolymerizing,
or otherwise forming undesirable by-products such
as tar and pitch.
When coal is slowly heated, only water vapor and
a small amount of carbon dioxide are driven off until
the temperature reaches approximately 750F.
Above 750F, the coal becomes more plastic, and
the main gases evolved are methane, ethane, and
propane, which are followed by oils and tars. If the
temperature were to be raised rapidly, as in a
single-stage gasifier, the oils and tars would crack
and polymerize to heavy viscous tar. The two-stage
operation of the gasifier is designed to heat the coal
gradually with only part of the hot reducing gas, and
thus the oils and tars formed are sufficiently fluid to
be handled easily. Above 900F, the plastic
components resolidify and decompose, yielding a dry
coke and gases rich in hydrogen. Some of the
hydrogen reacts with carbon at these temperatures
Table 168
Analysis of Hot Raw Gas from
STOIC Gasifier














to form a small additional amount of methane. The
top gas contains almost all of the oil and tar and the
devolatilized methane, as well as the residual water
entering with the coal.
The coke is reduced to ash in the fire zone. Ash
moves down onto the grate and out of the gasifier
via the water seal. The bed of ash between the fire
zone and the grate is cooled by the incoming blast of
air and steam. Water jacketing is used in the
gasification zone to cool the shell and, at the same
time, to generate the steam required for the
gasification reaction.
The steam is added for two reasons. It reacts
with the carbon to form carbon monoxide and
hydrogen, and it also acts to cool the fire zone so
that the ash will not agglomerate, fuse, and form
large clinkers that would block the flow out of the
units. The steam generated in the gasifier jacket is
at atmospheric pressure and is added to the air
entering the gasifier from a blower. The
ratio of
steam to air is varied to control the quality of the
ash.
The analysis of typical hot raw gas from the
gasifier is shown in Table 168 and the Btu content
and process efficiency for various products is shown
in Table 169.
LURGI PROCESS
The Lurgi coal gasification process is the only
process for which the technology has been suffici
ently developed and demonstrated to be considered
available for large scale commercial production of
SNG in the United States. In comparison, all second
generation processes for the production of SNG are
still in preliminary stages of development, and none
are past the pilot plant stage. Since its development
in Germany before World War II, the Lurgi process
has been used in 19 commercial plants throughout
the world, although none of these are in the United
States. However, there is much U.S. interest in the
process. In the early 1970's several U.S. firms
announced plans to use the Lurgi process in proposed
commercial coal gasification plants.
Table 169



















The Burnham Coal Gasification Project was
originally proposed by El Paso Natural Gas in 1972.
The plant was to have an output of 250 million
standard cubic feet per day (MMSCFD) of high-Btu
gas which would be comingled with natural gas in
existing pipelines. The plant was to be. located on
the Navajo Indian Reservation in New Mexico. Due
to a variety of regulatory and economic problems,
construction of the plant was delayed, and increas
ing costs forced a reduction in plant capacity.
Recently, the project was restructured as a
three-
company consortium with a reduced capacity of 72
MMSCFD. After startup, the plant could be
expanded over an eight-year period, to 250
MMSCFD.
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A second commercial plant was proposed by
Western Gasification Company (Texas Eastern
Transmission Corporation and Pacific Lighting Cor
poration). This plant was also to be constructed on
the Navajo Indian Reservation in northwestern New
Mexico, and have an output of 250 MMSCFD of
high-
Btu gas. As the result of several economic and
regulatory difficulties, the project is being reeval
uated by the firm.
ANG Coal Gasification Company and Michigan
Wisconsin Pipe Line Company, both subsidiaries of
American Natural Resources Company filed in 1975
to construct a 275 MMSCFD gasification plant in
Mercer County, North Dakota. The filing was
amended in 1977 to include PGC Coal Gasification
Company, a subsidiary of Peoples Gas Company.
Other details of the project were also substantially
changed. Subsequently, the capacity of the plant
was reduced to 125 MMSCFD and three additional
companies (Tenneco, Transco, and Columbia Gas)
have joined in sponsorship of the project.
Two other gasification projects now pending also
propose the use of the Lurgi process. Panhandle
Eastern Pipeline Company and Peabody Coal Com
pany are considering construction of a 270-MMSCFD
plant near Douglas, Wyoming. Natural Gas Pipeline
Company of America (a subsidiary of Peoples Gas
Company) has also proposed a 250-MMSCFD plant to
be located in Dunn County, North Dakota. Addi
tional research on the use of U.S. coals in the Lurgi
process has been conducted at the Scottish Gas
Board's Lurgi gasifiers in Westfield, Scotland. A
discussion of this work has been given by
Elgin.285
Additional data on the Lurgi process may be found in
References 267 through 273.
The Lurgi process discussed above and proposed
for use by the firms mentioned, is the so-called
Lurgi dry ash gasification process. This process
differs significantly from the more recently de
veloped slagging Lurgi process, which will be discus
sed later. The dry ash Lurgi gasifier is a pressurized
vertical kiln which accepts coarsely-crushed
(1/4"
x 1-3/4") non-caking coal and reacts the moving
bed of coal with steam and either air or oxygen.
The crushed and dried coal is fed to the gasifier by
means of a lock hopper system. In the bed, the coal
is gasified at 350-450 psi and initial devolatilization
takes place in the temperature range of 1140 to
1400F. Residence time in the reactor is approxi
mately one hour. The configuration of a typical
Lurgi gasifier is shown in Figure 129.
Hydrogen is supplied by injected steam and the
necessary heat is supplied by the combustion of a
portion of the product char. The revolving grate
located at the bottom of the gasifier supports the
bed of coal, removes the ash, and allows steam and
oxygen (or air) to be introduced.
Since pressure favors methane formation, the







Figure 129. Typical Configuration of a
Lurgi Pressurized Oxygen-
Blown Gasifier
content relative to the products from non-pressuri
zed gasifiers. With oxygen injection, the gas has a
heating value of approximately 450 Btu per standard
cubic foot. The crude gas which leaves the gasifier
is a 700-1100F (depending on the coal type) and
contains tar, oil, phenols, ammonia, coal fines, and
ash particles. The stream is first quenched to
remove the tar and oil. Prior to methanation, part
of the gas passes through a shift converter and is
then washed to remove naphtha and unsaturated
hydrocarbons. A subsequent step removes the acid
gases. The gas is then methanated to produce a
high-Btu, pipeline-quality product.
Some of the most detailed information regarding
the dry ash Lurgi process may be found in the 1972
application by El Paso Natural Gas Company to the
Federal Power Commission for a certificate of
public convenience and necessity to construct the
Burnham gasification plant. A flowsheet of the
overall plant is shown in Figure 130. It should be
noted that at the proposed Burnham plant, Lurgi
































































































Figure 130. Simplified Process Flow Diagram for Burnham Coal
Gasification Complex
group of gasifiers is oxygen-blown and produces a
relatively high methane-content gas which is up
graded to gas of pipeline quality. In the second
application, air-blown gasifiers produce low-Btu gas
for in-plant use to generate process steam and
electric power, thus avoiding the sulfur dioxide
emissions which would result if raw coal were
burned conventionally to produce this power.
The Burnham plant was designed to produce 250
MMSCFD of 972 Btu per standard cubic foot gas.
Input for this production rate was 26,000 tons per
day of Navajo mine coal with a heating value of
8,872 Btu per pound. The coal feed analysis and the
projected product gas composition are shown in
Table 170. The by-products from the plant are
shown in Table 171.
Using the properties stated above, the total
energy input to plant in the coal feed is 459 x
IO9
Btu per day. Likewise, the energy output in the
product gas is 243 x
IO9
Btu per day. This re
presents an efficiency of approximately 53 percent.
If the by-products are considered, the efficiency is
increased to approximately 70 percent. In addition,
approximately 10,000 acre-feet of water per year
would be consumed for various uses at the Burnham
plant.
Actual operating data using the Lurgi gasifier
and American coals have been presented in Refer
ence 483. A summary of these results is shown in
Table 172.
While dry ash Lurgi gasification is the most
advanced technology to date, and therefore is the
one most likely to be considered for commercial use,
the process has the disadvantage that it cannot
process caking coals or those with low ash fusion
temperatures. The agglomerated ash from such
coals cannot be easily removed through the grate at
the bottom of the gasifier. Also, because of its low
operating temperature, large volumes of by-product
tars, oils, and phenols are produced. The phenol, in
conjunction with large volumes of steam condensate,
poses a significant water pollution problem which
requires large investments in waste water treating
facilities. A modification of the Lurgi process,
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Table 170
Feed and Product Properties for
Burnham Gasification Plant
Coal Feed Analysis:
Proximate Ana lysis Weiqht %
Dry, Ash-I:ree (D.A. F.) Coal 66.2
Ash 17.3
Moisture 16.5
Tot a 1 100.0
































known as the slagging Lurgi, is being developed to
make it possible to process caking coals, while
minimizing waste water treatment costs.
Experimental work on the slagging process was
conducted by the British Gas Council at the Mid
lands Research Station in the 1950's. Efforts
continued on a 100-ton-per-day pilot plant in the
1960's. Although the tests were relatively success
ful, further development was cancelled due to the
discovery of natural gas reserves off the coast.
During the mid-1970's, research was conducted by
Conoco Coal Development Company, a group of 15
U.S. oil and gas firms, and Lurgi Mineraloeltechnik
GmbH, at the British Gas Corporation's research
center at Westfield, Scotland.
Most recently, the U.S. Energy Research and
Development Administration (now the U.S. Depart
ment of Energy) awarded a contract to Conoco Coal
Development Company, a division of Continental Oil
Company, to design a demonstration scale coal
gasification plant using the slagging Lurgi process.
The plant, to produce 59 MMSCFD of high-Btu gas
from 3,800 tons per day of coal, is to be constructed
in Noble County, Ohio. Four Lurgi gasifiers will be
Table 171
By-Products of the Burnham
Gasification Plant
Product Quantity Disposition
Coal Tar 240,950 GPD sales
Tar Oil 119,420 GPD sales
.Naphtha
68,730 GPD sales
Crude Phenol 29,220 GPD sales
Sulfur 148 GPD sales
Ammonia Solution 219,290 GPD sales
used and Ohio No.
feed coal.
9 coal has been selected as the
In a conventional Lurgi gasifier, the temperature
is intentionally kept low to minimize ash agglomera
tion. This is done by injecting an excess amount of
steam, usually 6 to 10 moles of steam per mole of
oxygen. In a slagging Lurgi gasifier, the steam in
jection rate is reduced to 1-1.5 moles of steam per
mole of oxygen. The high operating temperature
causes the coal ash to melt and run off as a slag.
A diagram of a slagging Lurgi gasifier is shown in
Figure 131. As in a conventional Lurgi unit, coal is
fed to the gasifier through a lock hopper system and
a distributor. Upon passing down through the bed,
the coal is first preheated and distilled by the up
ward-flowing stream of hot product gas. Then the
coal is gasified with steam and oxygen which are
injected near the bottom of the vessel. The entire
bed rests on a hearth through which the molten ash,
or slag, can pass through a slag tap hole. The slag is
then quenched with water and is finally removed
through a lock hopper.
Because the amount of unreacted steam passing
through the bed is minimized in the slagging Lurgi
process, product gases can be removed from the unit
faster with minimum fines carryover. This, together
with the higher operating temperature, lead to
higher output rates for slagging units than conven
tional dry ash units.
Some data regarding the slagging Lurgi tests
performed in the United Kingdom are from the early
tests at the Midlands Research Station in Solihull,
U.K. In these tests, using a three-foot-diameter
gasifier vessel, gas was produced at a rate of
approximately 5.1 MMSCFD using an operating
pressure of 300 psi. Other operating data from that
plant are shown in Table
173.'* 67 Some comparisons
between the dry ash and slagging Lurgi processes
have been presented by
Hebden.1*81*
A comparison
of volumetric output is shown in Table 174 and a
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Table 172
Results of Lurgi Process Operation on U.S. Coals
Maximum coal consumption, short tons/hour (as charged)
TEST CONDITIONS:
Gasifier operating pressure psig
Gas offtake temperature F






Reactivity of char, N mis CO/g char/second







Coal consumption, as charged, short tons/hour
Coal consumption, dry, ash-free, short tons/hour
Total steam to gasifier lb/hour
Pure oxygen to gasifier lb/hour
Gasifier output:
Flare gas production (HS & condensables free) scfh
ANALYSIS
Flare gas: H.C.V. (Btu/scf)







Rosebud Illinois No. 5 Illinois No. 6 Pittsbur ah No. 8
Coarse Fine Coarse Run-of- Coarse Run-of- Coarse
Run-of-
Graded Graded Graded Mine Graded Mine Graded Mine
8.9 8.0 7.1 6.3 6.6 6.4 5.1 5.4
370 350 360 364 360 364 360 364
718 616 1,150 1,145 1,126 1,158 1,199 1,226
24.7 26.5 11.9 12.3 10.2 13.7 4.6 4.8
9.7 9.0 8.1 8.4 9.1 9.1 7.7 7.5
0 0 2-2>s Zh 3 2h lh 7
0 0 15 13-14 15 13-14 30 28
7.1 6.9 12.9 12.8 13.7 13.2 16.2 16.2
0.82 0.043 0.046 0.021
1,260 1,230 1,300 1,285 1,365 1,340 1,360 1,330
1,175 1,175 1,060 1,060 1,150 1,160 1,170 1,150
12.6 45.4 2.9 21.6 3.7 25.9 7.1 23.6
4.7 11.1 2.1 9.9 2.5 12.0 4.8 11.4
8.9 6.8 7.1 6.3 6.6 6.4 4.0 5.4
5.8 4.4 5.7 5.0 5.4 5.0 3.5 4.8
22,185 13,673 32,062 32,849 33,331 33,898 26,145 33,710
4,325 3,142 6,613 6,564 6,024 6,439 4,714 6,671
409,180 386,520 435,590 408,900 397,860 395,540 286,340 397,570
Flare gas (H-S and condensables free) scf/lb d.a.f. coal
scf/lb total steam
scf/lb pure oxygen
Liquor production, lb/short ton d.a.f. coal
Tar production, lb/short ton d.a.f. coal
Oil production, lb/short ton d.a.f- coal
Tar yield % w/w of Fischer tar
Total steam/d.a.f. coal lb/lb
Pure oxygen/d.a.f . coal lb/lb
Steam to oxygen ratio lb/lb
Steam decomposition %
Gasification efficiency %

















15.1 20.3 17.6 16.4 17.3 16.3 16.9 18.1
11.2 12.2 9.2 9.0 9.4 8.7 9.0 8.8
41.1 26.5 38.8 38.5 39.1 39.8 39.4 39.2
0.5 0.4 1.1 1.1 1.1 1.1 0.8 0.7

























2,975 2,703 4,430 5,369 5,244 5,634 5,934 5,718
59 63 106 51 76 48 79 85
64 56 18 10 7 12 28 7
57 56 38 20 24 17 29 25
1.9 1.6 2.8 3.3 3.1 3.4 3.7 3.5
0.4 0.4 0.6 0.7 0.6 0.6 0.7 0.7
5.1 4.4 4.8 5.0 5.5 5.3 5.5 5.1
45.4 45.1 27.6 23.8 21.7 23.5 21.8 21.1
79.9 78.2 77.5 80.5 75.8 79.0 75.3 77.0
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Gas output: 5.1 million ft /d
Tar: 15.4 gal/ton (dry, ash-free)
Liquor: 2 gal/million Btu
Consumption
Coal: 981 lb/(ft2)(h)
Steam: 25.6 lb/million Btu
Oxygen: 552 ft /million Btu
Gas production:
11.3 million Btu/(ft2)(h)
Source: British Gas Corp.
Table 174
Volumetric Output of a Lurgi Gasifier
Compared With a Slagging Gasifier
at the Same Gasification Rate













Comparison Between the Composition
of Crude Gas Produced from a














Calorific value 309 370
(Btu/ft')
comparison of crude gas composition is presented in
Table 175.
SLAGGING FIXED-BED PROCESS
The original slagging fixed-bed gasifier was
installed at the Grand Forks Energy Research
Center (GFERC) in 1958 and was operated until
1965. Operation of the gasifier was resumed in
April 1976. The unit is essentially a variation of the
dry ash Lurgi process, which has been used for many
years in commercial applications. In the dry ash
process, excess steam is injected to maintain the
operating temperature below the ash fusion temper
ature. In the slagging gasifier, the temperature is
allowed to increase above the fluid temperature of
the ash and the ash is removed from the gasifier as a
molten slag. According to published
results,1*75
the
slagging gasifier requires only about one-fourth the
steam of a comparably-sized dry ash unit and
produces three to four times as much product gas.







































Figure 132. Flowsheet of GFERC Pilot Plant
only U.S. government research on the
modified-
Lurgi process, it should also be noted that Lurgi
itself has developed a slagging gasifier, and this is
discussed elsewhere in this section.
A flowsheet of the GFERC process is shown in
Figure 132 and a detailed diagram of the gasifier is
shown in Figure 133. The raw coal is introduced to
the gasifier through a lock hopper system and is
heated by a countercurrent flow of hot gases as it
descends in the bed. The hot gases first remove the
moisture from the coal, and as the coal descends
further, it is devolatilized. The coal then enters the
gasification zone in which it is reacted with steam
and oxygen at 2800-3100F. The steam and oxygen
are injected into the hearth through four tuyeres.
The molten slag which remains is continuously
drained into a water quench bath.
The gas leaving the gasifier enters a spray
washer where it is contacted with recycled liquor to
remove water vapor, tars, oil, and dust. After
additional cooling, depressurization, demisting, and
metering, the gas is flared. The capacity of the
gasifier is approximately one ton per hour, assuming
a feed coal with a moisture content of 35 weight
percent. This capacity requires an oxygen rate of
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Figure 133. Diagram of GFERC Gasifier
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product gas at a rate of 40,000 standard cubic feet
per hour.
Modifications are currently underway to improve
the operation of the gasifier. The single lock hopper
system is going to be replaced by a dual system to
maintain a more continuous flow of feed to the
gasifier, thus minimizing temperature excursions
within the reactor. In addition, a stirring mecha
nism will be added to break up agglomerates in the
bed. Additional improvements are also to be made
to allow operation for extended periods.
A typical analysis of the product gas is shown in
Table 176. The operating conditions for six selected
runs are shown in Table 177.
WELLMAN-GALUSHA PROCESS
The Wellman-Galusha process, developed by the
McDowell-Wellman Engineering Company of Cleve
land, Ohio, has been in commercial use for over 35
years. The process is discussed briefly with other
pre-1965 gasification processes in the Appendix.
Over 150 Wellman-Galusha gasifiers have been
Table 176
Gas Analyses from GFERC
Gasification Tests
Typical Range of
Component analysis observed values
Carbon monoxide 57.7 54.2 - 59.7
Hydrogen 29.1 26.6 - 29.4
Methane 4.9 4.2 - 7.3
Ethane .2 .0 - .4
Illuminants .6 .2 - .6
Carbon dioxide 7.4 5.8 - 10.8
Oxygen .1 .1 - .2
Run Number
Table 177
GFERC Operating Conditions and Results
RA-8 RA-11 RA-12 RA-16 RA-17 RA-18
Total slagging hr. 5.12 4.68 6.88 7.43 4.33 8.03
Calculating per iod hr. 4.05 4.68 6.73 6.68 3.17 7.15
Oxygen-steam mo le ratio 0.9 1.0 1.0 1.0 1.0 1.0
Operating pressure psig. 200 200 200 400 400 400
Oxygen rate scfh. 4,000 4,000 4,000 4,000 6,000 4,000
Steam rate lb/hr. 211 190 190 190 285 190
Fuel rate lb/hr. 1,163 1,087 1,114 1,122 1,579 1,049
lb maf/hr. 776 708 731 762 1,106 729
Total gas rate scfh. 20,041 20,125 20,458 20,077 29,637 20,108
Slag rate lb/hr. 73 71 74 72 101 72
0~ consumption scf/Mscf gas. 200 199 196 199 202 199
scf/lb maf fuel . 5.2 5.7 5.5 5.2 5.4 5.5
Steam consumption lb/Mscf gas. 10.5 9.4 9.3 9.5 9.6 9.4
lb/lb maf fuel. .27 .27 .26 .25 .26 .26
Gas production scf/lb maf fuel. 25.8 28.4 28.0 26.3 26.8 27.6
Cold gas effici ency pet. 77.3 85.4 84.2 82.8 80.4 80.2
Operational eff iciency pet. 82.0 90.3 89.0 87.5 85.4 86.8
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installed throughout the world for a variety of
industrial applications. Feedstocks used in the
gasifiers also vary widely, including anthracite,
bituminous coal, and coke.
There are currently six units operating in the
United States at the Glen-Gery Brick Company in
Reading, Pennsylvania. When blown with oxygen,
these units can produce synthesis gas, and when
blown with air, produce low-Btu gas for industrial
use.
Recently, the U.S. Department of Energy (DOE)
and the Environmental Protection Agency have
begun cooperating to evaluate small-scale
Wellman-
Galusha gasifiers as part of the DOE's Industrial
Program. The proposed gasifiers would process up
to 200 tons of coal per day and would provide
valuable information for scaleup and environmental
protection.
There are two types of Wellman-Galusha gasi
fiers, the standard type and the agitated type.
Figure 134 is a sketch of a standard gasifier. The
rated capacity of an agitated unit is approximately
25 percent higher than that of a standard gasifier of
the same size. In addition, an agitated gasifier is
capable of treating volatile caking bituminous coals.
The gasifier is water-jacketed, and, therefore,
the inner wall of the vessel does not require a
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Figure 134. Diagram of Wellman-Galusha
Gasifier
horizontal arm which also spirals vertically below
the surface of the coal bed to minimize channeling
and provide a uniform bed for gasification. The
agitator can be rotated at varying speeds, and its
position within the bed can be changed for different
feedstocks and operating rates. A rotating grate is
located at the bottom of the gasifier to remove the
ash from the bed uniformly. Steam and oxygen are
injected at the bottom of the bed through tuyeres.
Crushed coal is fed to the gasifier through a lock
hopper and vertical feed pipes. The fuel valves are
operated so as to maintain a relatively constant flow
of coal to the gasifier. This is highly desirable
because it assists in maintaining the stability of the
bed and, therefore, the quality of the product gas.
The air or oxygen which is injected into the
gasifier passes over the top of the water in the
jacket and thereby picks up the steam required for
the blast. Saturation of the blast is regulated by
adjusting the water jacket temperature. Typically,
the temperature is between 150 and 180F- Blast
mixtures of air and carbon dioxide or oxygen and
carbon dixoide can also be used.
The blast is introduced into the ash bin section
underneath the grate. It is then distributed through
the grate into the bed, and passes upward through
the ash, combustion, and gasification zones. The
combustion and gasification reactions result in a
product gas containing primarily carbon monoxide,
carbon dioxide, hydrogen, and nitrogen (if air is
injected). The hot gas then dries and preheats the
incoming coal and is removed from the gasifier.
The gas leaving the gasifier is passed through a
cyclone, in which fine ash and char particles are
removed. If the sulfur content of the gas is
acceptable, it may be used directly. If the sulfur
content is too high, the gas is usually scrubbed and
cooled in a direct contact countercurrent water
cooler and then treated to remove the sulfur. If air
was used to support combustion, the gas product will
be a low-Btu gas. If the unit was oxygen-blown, the
product will be a medium-Btu gas.
The typical analysis of the gases produced by the
Wellman-Galusha process is shown in Table
178.1*82
Typical operating conditions are shown in Table 179.
WOODALL-DUCKHAM PROCESS
The two-stage, fixed-bed Woodall-Duckham gasi
fication process was developed by Gas Integrate of
Milan, Italy and has been in operation throughout the
world for 30 years. The process is now being
marketed as the Woodall-Duckham /Gas Integrale
process. There have been over 100 air-blown
gasifiers successfully operated in Europe, South
Africa, and Australia. There have been 15
oxygen-
blown units operated in Europe. Typical units handle
80-100 tons of coal per day.
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Table 178
Typical Product Gas Characteristics Available








































Recently, General Refractories Company, of
Bala Cynwyd, Pennsylvania was awarded a contract
by the U.S Department of Energy to design, con
struct, and operate two Woodall-Duckham gasifiers
to produce 1,550 million standard cubic feet of low-
Btu gas per year. The 210-Btu-per-standard-cubic-
foot gas would be used to fire two existing brick
kilns. The plant is to be located in Hitchins,
Kentucky. Funding for the project is to be shared by
the Department of Energy, the Commonwealth of
Kentucky, General Refractories Company, and
Holley, Kenney, Schott, Inc., the architectural/en
gineering firm on the project.
A sketch of the Woodall-Duckham gasifier is
shown in Figure 135. The gasifier is a vertical
cylindrical vessel having a rotating grate in the
bottom for ash removal. There are three functional
zones within the reactor: a water-jacketed gasifica
tion zone, a refractory-lined distillation zone, and a
Table 179
Typical Operating Conditions





Pressure at gas outlet,
inches W.G.
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Figure 135. Diagram of Woodall-Duckham/
Gas Integrale Gasifier
refractory-lined drying zone. Sized coal, typically
in the range of 0.25-1.5-inch, is transported to a
surge hopper located above the gasifier. The coal is
introduced into the gasifier through a lock hopper
system and coal distributor.
Upon entering the gasifier, which operates at
atmospheric pressure, the coal is contacted with
upward flowing hot gases from the gasification zone.
In this, the drying zone, the mositure present in the
coal is driven off by the 250F gases. The coal then
falls into the distillation zone where the volatile
matter present is driven off by the ascending hot
gas. Since the heating rate is relatively slow,
negligible cracking of the tar and oil occurs.
The devolatilized char (non-caking coals) or
semi-coke (caking coals) is further heated by the hot
gases until the material passes into the gasification
zone. In this zone, the material is countercurrently
contacted with steam and oxygen (or air) in a fixed
bed. Here, the remaining carbon is mostly gasified.
The temperature in this zone may vary significantly
with the type of coal being processed, but typical
values are approximately 2200F- In the lower
portions of this zone, the descending ash is con
tacted with incoming steam and air, thus preheating
the gases and cooling the ash. The ash is removed
from the gasifier through a rotating grate, which
also serves to distribute the air and steam evenly
over the entire cross section of the gasifier.
The product gas from the gasifier is withdrawn
at two points in the vessel. The gas withdrawn from
the tap located between the distillation and drying
zones is known as clear gas. The gas withdrawn near
the top of the vessel is called top gas. By varying
the portion of gas withdrawn through the lower tap,
the temperature of the distillation zone is con
trolled. As the flow of clear gas is reduced, more
hot gas is forced through the distillation zone, thus
increasing the temperature.
To produce a hot raw gas product, the top gas, at
250F, is sent to a cyclone to remove large droplets
of tar, and the clear gas at
120
OF, flows through a
cyclone to remove entrained dust. When the hot
gases are combined, the clear gas vaporizes the tar
and oil in the top gas. The resulting product can
then be transported up to 1500 feet in insulated
lines.
If a cold product gas is desired, the top gas is
sent to a tar precipitator, is cooled, and sent to an
oil precipitator which removes the oil and water
droplets. The clear gas passes through a cyclone for
dust removal, is cooled in a waste heat boiler, and
then mixed with the clean top gas. The resulting gas
can then be sent to a sulfur removal unit. The final
gas product from an air-blown unit has a heating
value of approximately 175 Btu per standard cubic
foot. For an oxygen-blown gasifier, the product
would have a value of 280 Btu per standard cubic
foot. Typical product gas data are presented in
Table 180.1*82
ATGAS PROCESS
The Applied Technology Corporation has been
investigating the ATGAS molten iron process since
1967. Recent funding for the project has been from
the American Gas Association, the Office of Coal
Research, and the Environmental Protection
Agency.
The ATGAS process features the use of a molten
iron bath into which coal, steam, and oxygen are
injected. Figure 136 illustrates the gasifier vessel.
On the surface of the molten iron is a layer of slag.
Coal and limestone are injected into the molten iron
through tubes (lances) using steam as the carrier.
The coal devolatilizes with some thermal cracking
of the volatile constituents, leaving the fixed carbon
and sulfur to dissolve in the iron. The dissolved
carbon is oxidized to carbon monoxide with oxygen
which is introduced through lances placed at a
shallow depth in the bath. The dissolved sulfur (both
organic and pyritic) migrates from the molten iron
to the slag layer where it reacts with lime to
produce calcium sulfide. Provided the carbon
content of the molten iron is maintained relatively
high (3 to 4 percent), the injected oxygen and steam
preferentially react with carbon, without sulfur
oxidation, to form hydrogen and carbon monoxide.
Thus, the oxidation of fixed carbon, the cracking of
volatile matter, and the dissociation of water
(introduced with the coal) produce hot (2,600F)
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Table 180
Typical Product Gas Properties from a
Woodall-Duckham Gasifier
Med. -Btu Gas
Cyc 1 i c 00-b1own
Low-Btu Gas
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28.5 37.5 28.2 28.2
co2
8.0 18.0 4.5 4.5
CH4
N2
0.5 3.5 2.7 2.7
















Sp. gr. (Air = 1) 0.52 0.73 0.83
Wobbe No. 465 334
- 193
Thermal efficiency, % - 89-93 88-92 74-76
Gas prod, rate,
SCF/lb coal . 50-53
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Figure 136. Conceptual Design of ATGAS
Gasifier
offgas consisting of carbon monoxide, hydrogen, and
some methane.
Limestone is added to the gasifier to flux ash
constituents and to provide sufficient lime to pro
mote the leaching of sulfur from the molten iron.
The sulfur appears in the slag as calcium sulfide.
The gasifier is equipped with a port for the removal
of excess slag which is subsequently treated with
steam to recover elemental sulfur. Since coal
contains pyrites, some metallic iron is also pro
duced. To maintain the level of the iron bath
relatively constant, a small quantity is periodically
removed.
The offgas, which leaves the gasifier at approxi
mately 2600F, is sent to a waste heat boiler where
it is used to provide heat to generate steam for
process use. The cooled gas is then compressed and
fed to a shift converter where a portion of the
carbon monoxide is reacted with waste heat boiler
steam to attain a carbon monoxide to hydrogen ratio
of 1:3.
The carbon dixoide produced by the shift reac
tion is removed in a hot carbonate scrubbing unit.
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The effluent from this unit contains two percent or
less carbon dioxide. The gas is again cooled and
enters a methanator where the carbon monoxide and
hydrogen react to form methane. The methane-rich
product is cooled to remove excess water and is then
compressed to 1000 psig. Depending on the type of
coal used and the extent of purification desired, the
final gas product may have a heating value of 920
Btu per standard cubic foot. Products other than
high-Btu gas include desulfurized slag (which could
be used for road building), metallic iron, and sulfur
(which could be stored or marketed).
Based on data from the Office of Coal Re
search,226
Figure 137 shows a block diagram of the
conceptual design of an ATGAS gasification facility.
The magnitudes of the various process streams
shown in Figure 137 are listed in Table 181. These
figures are based on the hypothetical output of 250
million standard cubic feet per day of pipeline gas
from high-sulfur Ohio coal, whose analyses are also





Research on the molten salt gasification process
has been conducted by Atomics International Divi
sion of Rockwell International Corporation for many
years. The process has been tested in a reactor
capable of processing 250 pounds of coal per hour.
The reactor has an inside diameter of three feet and
is eight feet tall. The unit is located at Atomic
International's Santa Susana Field Laboratory in
California. Based on data acquired from this unit,
plans were made to design, construct, and operate a
process development unit. This effort was originally
sponsored by the Energy Research and Development
Administration, and more recently by the U.S.
Department of Energy. Preliminary engineering for
the plant, designed for a capacity of
one-ton-per-
hour, was completed in 1976 and plant startup is
scheduled for 1978.
In the molten salt gasification process, coal is
gasified to produce fuel for the generation of
electricity through gas and steam turbines. Three
major steps are required: (1) molten salt gasifica
tion, (2) electric power generation, and (3) sodium
carbonate regeneration. Figure 138 provides a
schematic diagram of the process.
Coal and sodium carbonate are first transported
by compressed air, at 10-20 atmospheres, into the
bottom of the melt bed in the gasifier. This melt
bed is composed of sodium carbonate, along with
some sodium sulfide and sulfate formed during the
process. Partial oxidation and pyrolysis processes
take place in the melt at 1800F and 20 atmospheres.
The fuel gas produced has a heating value of
approximately 150 Btu per standard cubic foot and is
composed primarily of carbon monoxide, hydrogen,
and nitrogen. Because the melt also contains ash
and sulfur residue from the coal, some of the melt
must be continuously withdrawn from the reactor
for purification while additional fresh sodium car
bonate is added.
Hot fuel gas from the gasifier is then burned in a
gas turbine, which in turn generates electricity. The
turbine exhaust gas is then used to generate steam
for use in a steam turbine, thereby producing
additional electrical power. The flue gas leaving the
steam generator is then used to heat incoming
combustion air and may be used for sodium carbo
nate regeneration.
The melt withdrawn from the gasifier is first
quenched with water. The resulting salt-water
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Gasifier Offgas, 65% CO, 35% H?, 2,500 F
2
lb/in g
65% CO, 35% H2 Offgas, 350
F-22
lb/in2g
65% CO, 35% H2 Offgas,
400 F-585 lb/in2g
14% CO, 42% H2, 22% C02, 22% H20, 300 F-560
lb/in g
25% CO, 74% H2, 1% C02, 100 F-540 lb/in2g
93% CH4, 4% H2, 0.1% CO, plus inerts
Ohio High-Sulfur Coal Analysis
As Received Dry



















































filtrate, which contains dissolved sodium sulfide, is
treated in a stripper unit to recover hydrogen
sulfide, which is subsequently processed in a Claus
unit to produce elemental sulfur. The remaining
solution is carbonated, crystallized, centrifuged,
dried in a rotary kiln, and then recycled to the
molten salt gasifier as regenerated sodium carbo
nate.
The composition of the product gas from the
molten salt process is shown in Table
182.1*81
Based
on cooled product gas and air-blown operations, the
cold gas efficiency of the process is approximately
78 percent.
PULLMAN-KELLOGG MOLTEN SALT PROCESS
The M. W. Kellogg Company completed a
3-1/2-
year study of the molten salt gasification process
for the Office of Coal Research in 1968. The first
version of the process made use of a circulating
stream of molten salt (sodium carbonate) between
separate gasification and combustion zones in separ
ate vessels. A later version of the process used a
single gasifier vessel into which oxygen, in addition
to steam and coal, were injected into the molten
salt. This eliminated the molten salt circulation




















Figure 138. Molten Salt Gasification Process Schematic
In 1976, Pullman-Kellogg joined with United
Technologies to develop a conceptual coal gasifica
tion combined power cycle based upon United
Technologies'
high-temperature gas turbine and Pull-
man-Kellogg's low-Btu molten salt gasification pro
cess.
A schematic of the gasifier used in the design is
Table 182




Feed Coal Kentucky #9
HHV of coal, Btu/lb, dry 12,000










shown in Figure 139. Air is bubbled into the bottom
of the gasifier through multiple inlet nozzles. Non-
pretreated coal sized
1/4"
x 0 is fed beneath the
surface of the molten salt bath using a central coal
feed tube. Natural circulation and agitation of the
melt disperses the coal. Partial oxidation of carbon
is the main gasification reaction. Volatile matter in




(CO, H2, N2 )
(ASH, SODIUM CARBONATE, SULFUR)
HHV, Btu/SCF, dry 158
Figure 139. Low-BTU Molten Salt Gasification
Process - Pullman Kellogg
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tars, and ammonia. Water gas shift equilibrium
exists above the melt, and accordingly, in the
reducing environment, carbon dioxide and water
concentrations in the gas are low. Sulfur in the coal
reacts with the melt to form sodium sulfide. Sulfur
retention by the melt depends upon the equilibrium
between carbon dioxide plus water and hydrogen
sulfide. Since the concentration of carbon dioxide
plus water is small, absorption by the melt is high.
In addition, ash in the coal reacts with the melt and
is not entrained in the fuel gas.
For the study, the reference coal was Illinois No.
6, with a heating value of 10,755 Btu per pound. The
gasifier conditions were chosen to be 411 psia,
1800F, with 30 percent ash in the melt. The
gasifier pressure was set by the gas turbine opera
ting pressure, plus the pressure drop between the
gasifier and gas turbine. The ash level in the melt
was maximized within the limits of observed opera
ting experience to minimize the utilities require
ments in the melt purification step. The gasifier
temperature was chosen to be 1800F to give the
necessary melt fluidity at a 30 percent ash loading.
The resulting raw fuel gas had a higher heating value
of 152 Btu per standard cubic foot and a lower
heating value of 142.5 Btu per standard cubic foot.
The composition of the gas is shown in Table 183.
Table 183














Processes Investigated Prior To 1965
Bituminous Coal Research, Inc. reported to the
Office of Coal Research the results of a survey of
coal gasification processes (commercial, pilot-scale,
and conceptual) available in 1965. The survey
included only those processes which held promise for
potential development as economical systems for
the production of fuel gas and/or synthesis gas
amenable to conversion by the water-gas shift and
methanation into high-Btu gas. The report226
describes some 65 processes in detail. Excerpts
from this report have been assembled in a manner
sufficient to describe each of the coal gasification
processes and this information is presented in the
Appendix.
In Situ Gasification
In situ, or underground, coal gasification is the
controlled combustion of a coal seam in place to
produce a mixture of carbon monoxide, hydrogen,
and hydrocarbons. In situ gasification offers several
potential advantages over conventional mining and
aboveground processing techniques. Most notably, it
would largely eliminate the health and safety diffi
culties inherent with underground mining and would
avoid aboveground environmental impact such as
spoil piles and acid drainage. On the other hand,
potential disadvantages include possible disruption
of adjacent aquifers, contamination of local water
supplies, poor process control capability, and surface
subsidence.
The first serious suggestion of in situ coal
gasification was made by William Siemens in 1868.
The Russian chemist, Mendeleev, even referred to
the idea in the late 1800's. Although some small
scale tests were conducted in England before World
War I, no large-scale projects were initiated until
1933, when work began in the U.S.S.R. These
investigations lasted until 1965 and reached a scale
capable of supplying product to local industries.
Data regarding the U.S.S.R. studies has been limit
ed, but it is known that work is continuing at three
sites. Two of these are in relatively flat beds and
one is in a steeply dipping bed.
Research on in situ gasification was performed in
several other European countries during the 1940's
and 1950's. In particular, a major British project
was conducted at Newman Spinney using an array of
horizontal boreholes and a mined gallery. Gas of
very low-Btu content (60 Btu per standard cubic
foot) was produced, but a coal recovery of 87
percent was realized.
The U.S. Bureau of Mines began in situ gasifica
tion work in 1946 at a site near Gorgas, Alabama.
The project dealt with a nearly level, high-volatile
bituminous coal bed approximately three feet thick.
These studies were discontinued in 1959. The Gulf
Research and Development Company conducted re
search in 1968 and produced gas having a heating
value of approximately 270 Btu per standard cubic
foot. Field experiments were authorized in 1972 to
be conducted by the Laramie Energy Research
Center (LERC), now a part of the U.S. Department
of Energy.
The LERC studies began in 1973 in a 30-foot-
thick bed of subbituminous coal near Hanna, Wyo
ming. This research studied the use of linkages
between vertical boreholes. Subsequent research at
the Morgantown Energy Research Center (MERC)
dealt with the concept of using directional drilling in
Eastern coal seams. The Lawrence Livermore
Laboratory (LLL) began studies in 1974 dealing with
explosive fracturing of the coal seam followed by
steam/oxygen gasification. The LLL research is
being conducted at a site near Hoe Creek, Wyoming.
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In addition to the above government projects,
Texas Utilities Generating Company has signed a
license agreement with Licensintorg of the U.S.S.R.
for technical documentation and assistance in under
ground coal gasification. By September 1976, a
successful gasification test was completed. A site
in Anderson County, Texas has been selected for a
pilot plant operation.
Gulf Research and Development is planning an in
situ gasification field test in steeply dipping coal
beds at a site west of Rawlins, Wyoming. The field
test of this project, which is co-sponsored by the
U.S. Department of Energy, is scheduled for early
1980. Also, ARCO is planning a field test of the
linked vertical well process in late 1978 at a site
near Reno Junction, Wyoming.
A field test has also been conducted by the
Alberta Research Council at Forestburg, Alberta,
Canada. The project involved successfully gasifying
approximately 300 tons of coal by the linked vertical
well method.
There are a multitude of techniques which may
be used for underground coal gasification. Some of
these have been tried on a pilot or semi-commercial
scale and others are only conceptual ideas. The
processes range from extensive underground cham
ber preparation with subsequent gasification (similar
to modified in situ oil shale retorting) to single
wellbore recovery using concentric pipes for injec
tion and production. At present, four process
concepts are being developed by the U.S. govern
ment through the Department of Energy: the Linked
Vertical Well, Packed Bed, Longwall Generator, and
Steeply Dipping Bed
concepts.1*70
LINKED VERTICAL WELL PROCESS
The Linked Vertical Well (LVW) process, being
developed by the Laramie Energy Research Center,
is shown in Figure 140. The first step in the process
is the pneumatic linking of adjacent boreholes
drilled from the surface into the coal seam. This is
accomplished by a reverse combustion step in which
air injected through one well diffuses through the
coal seam toward a hot reaction zone at an adjacent
well. Once the flow reaches the reaction zone, the
zone is drawn through the seam toward the source of
air. As the combustion zone passes through the
seam, the coal is pyrolyzed in the immediate
vicinity of the flow path, thus producing a channel
through the seam. Since the flow of gas and the
movement of the reaction zone are in opposite
directions, the process is known as reverse combus
tion.
Once the combustion zone reaches the air injec
tion well, it reverses direction and progresses back
toward the production well. Since the combustion
zone now flows the same direction as the injected
gas, the process is known as forward combustion. As
the reaction zone moves forward, it gasifies coal
GAS CLEANUP
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Figure 140. Linked Vertical Well Process
around the channel. Since the original link is
located at the bottom of the seam, the reaction
zone undermines the overlying coal and continually
allows fresh coal to fall into the gasification zone.
When a line of wells is drilled, they can be
alternately changed from production to injection
wells and thus cause the gasification zone to pass
down the entire line of wells, gasifying the full coal
seam between them.
To date, LERC has conducted four tests at the
Hanna, Wyoming site. The first test was conducted
in 1973 and successfully demonstrated the LVW
techniques and the ability to maintain stable produc
tion rates over extended periods of time. The Hanna
II test was conducted in three phases, with Phase I
being completed in 1975 and Phases II and III being
conducted in 1976. This test generated the highest
gross heating value gas ever produced from an air-
blown underground gasification experiment, the
highest thermal and process efficiencies, and highest
areal sweep
efficiency.1*71
The well pattern used during Phase II and III
consisted of four wells located at the corners of a
60-foot square. During Phase II, wells on one side
were linked and the coal seam between them
gasified. During Phase III, wells on the other side
were used. Phase II yield a gas product with a
heating value of 171 Btu per standard cubic foot at
production rates up to 8.5 MMSCFD. The duration
of Phase II was 25 days. Phase III yielded a gas
product with an average heating value of 138 Btu
per standard cubic foot at rates up to 12 MMSCFD.
The coal utilized during the tests was 2500 and 4500
tons for Phases II and HI, respectively. The overall
thermal efficiency of the Hanna II tests was 82.7
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percent for Phase I, 89 percent for Phase II, and 76.3
percent for Phase III. The primary thrust of the
Hanna III test was to determine the impacts of the
process on underground water quality. Hanna IV
was underway in mid-1978 and along with Hanna V it
is to demonstrate scaleup of the process to a pilot
plant scale incorporating more advanced control
technology.
In the fall of of 1977, Lawrence Livermore
Laboratory conducted an in situ gasification test the
Hoe Creek, Wyoming. The test involved linked
vertical well combustion in a hydrologically active
coal seam. A total of 194 million standard cubic
feet of gas were produced, having an average
heating value of 108 Btu per standard cubic foot.
During one period of oxygen injection (rather than
air), the heating value increased to an average of
265 Btu per standard cubic foot. The total energy
recovery at the surface was 97 percent of the
energy of the coal gasified. Approximately 63
percent of this was in the form of combustible gas.
PACKED BED PROCESS
Because the natural permeability of higher rank
coals is too low for successful reverse combustion
linking, it is desirable to increase and distribute the
permeability prior to gasification. The use of
conventional explosives to achieve this is being in
vestigated by Lawrence Livermore Laboratory
(LLL). A sketch of this technique is shown in
Figure 141. An underground reactor is first formed
by the use of explosives. The rubblized zone of coal
is then gasified in a vertical direction by the
injection of steam and oxygen. Liquids formed
during the process flow by gravity to the bottom of
the rubblized chamber and may be removed through
the collection wells drilled to bottom of the zone.
The first test of this method was made at Hoe
Creek, Wyoming in 1975 and 1976. The project
consisted of two explosive charges fired simultane
ously at the bottom of the coal seam. The resulting
fractured zone was ignited and gasification proceed
ed for 11 days. During this time, 116 tons of coals
were gasified out of 1000 tons in the fractured zone.
The heating value of the product gas was 110-150
Btu per standard cubic foot.1*72 It was estimated
that 73 percent of the energy in the gasified coal
was recovered, and 89 percent of this was in the
form of combustible gas.
LONGWALL GENERATOR PROCESS
Eastern coal seams, because they are relatively
thin and exhibit low permeability, may not be
amenable to in situ recovery by either the LVW or
Packed Bed process. The Morgantown Energy
Research Center is, therefore, investigating the
Longwall Generator technique. The process is
illustrated in Figure 142. In this process, deviated
wells are drilled from the surface (directionally
drilling) so as to eventually pass horizontally through
the coal seam and run for a considerable distance.
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Figure 142. Longwall Generator Process
coal would be gasified between them. In effect,
then, one well would replace several vertical wells.
However, drilling a well horizontally through a thin
coal seam at depths of several hundred feet is very
difficult and costly. MERC has demonstrated,
however, that such drilling is technically feasible, as
a 2000-foot long well was drilled through a
six-foot-
thick coal seam near Pricetown, West Virginia. The
seam was approximately 850 feet deep. This drilling
program is currently being evaluated prior to addi
tional drilling.
products may also be produced. Four major ap
proaches to coal liquefaction have been developed:
pyrolysis, solvent extraction, catalytic liquefaction,
and indirect liquefaction. 1*69
Pyrolysis processes involve the heating of coal to
temperatures above 750F to convert the coal into
gases, liquids, and char. As char, having a fairly low
hydrogen content, is produced, additional hydrogen
is available to the liquid and gas products. The char
product usually amounts to more than 50 percent of
STEEPLY DIPPING BEDS
The fourth underground coal gasification process
being investigated by the U.S. Department of
Energy is designed to recover coal which lies in
steeply dipping seams. These deposits, which have
been tilted by geologic upheaval, are quite prevalent
in the Pacific Coast region. One possible method
for gasification of steeply dipping beds is shown in
Figure 143. This particular concept is based on an
analysis of Soviet technology.
1*7'*
In a large-scale
operation, a number of these modules would be
located side-by-side and linked by either directional
drilling or combustion along the bottom.
COAL LIQUEFACTION
Coal Liquefaction processes are those conversion
processes in which liquids are the primary products
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Figure 143. Steeply Dipping Bed Concept
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the weight of the feed coal. Some amount of solids
remain in the raw gas and liquid products. This can
be relatively easily removed from the gas stream,
but the liquid requires filtration, distillation, or
some other treatment to remove the solids.
Solvent extraction processes make use of coal-
derived liquids known as "donor" solvents which are
capable of transferring hydrogen to the coal pro
ducts, thus increasing the fraction of the coal which
goes into solution. The solvent and coal are usually
reacted at temperatures up to 950F. Hydrogen
may be supplied under pressure in the extraction
step, or it may be used to hydrogenate the solvent
prior to recycle. In some processes the unreacted
coal is used to generate the necessary hydrogen; in
other processes, the hydrogen is generated from by
product gases or from additional raw coal.
Catalytic liquefaction processes use the aid of a
suitable catalyst to add hydrogen. Most processes of
this type operate in the liquid phase with catalyst
dispersed throughout or in a fixed bed. Some
processes now in the development stage involve the
injection of catalyst-impregnated coal into a stream
of hot hydrogen at about 950F for a very short
time.
Indirect liquefaction involves a two-stage con
version. Coal is first reacted with steam and oxygen
to produce a gas composed primarily of carbon
monoxide and hydrogen. This gas stream is subse
quently purified to remove sulfur, nitrogen, and ash.
The product gas is then catalytically reacted to
yield liquid hydrocarbon products.
Removal of solids from coal liquids is a critical
step in most coal liquefaction processes. Although
there is currently a trend toward elimination of the
solid-liquid separation step by the recovery of a
solids-laden vacuum bottoms stream for gasifica
tion, most existing plant designs call for some type
of physical/chemical solids removal system. The
three processes receiving the most current interest
are critical solvent deashing, antisolvent deashing,
and pressure filtration.
Separation of ash and unreacted coal particulates
from coal liquid is difficult because of the small size
and large quantity of the solid particles, the small
density difference between solids and the liquid, and
the high viscosity and melting point of the liquids.
The Kerr McGee Corporation has been developing a
separation technique which utilizes solvents such as
benzene, toluene, xylene, pyridene, and cresols near
their critical temperature and pressure, hence the
term critical solvent deashing.
The function of the critical solvent is two-fold.
First, by dissolving the coal liquids in a light solvent,
a greater density differential is created between the
solids and liquids. This produces a solid settling rate
on the order of 40 inches per minute which allows
rapid separation of solid and liquid. Secondly, when
the critical solvent is heated slightly past the
critical point, the solvent density decreases rapidly.
This results in a rapid decrease in solubility of the
coal liquids in the solvent, and the coal liquids
precipitate.5It8
The antisolvent deashing process has been under
development by the Lummus Company since 1971.




coal liquids. The antisolvent (typically a paraffinic
kerosine fraction) promotes agglomeration and
floc-
culation of the ash particles, unreacted coal, and
asphaltenes. This insoluble matter is subsequently
removed by gravity settling, leaving an essentially
ash-free coal
liquid.5 "*9
Pressure filtration to remove solids from coal
liquids has been tested extensively on a pilot scale.
Both pressure-leaf and rotary drum filters are being
considered for commercial
application.550
A 100 square-foot rotating leaf pressure filter
has been undergoing testing at the Southern Com
pany Services SRC Pilot Plant at Wilsonville, Alaba
ma. The leaf filters used consist of a stack of round
horizontal leaves mounted on a vertical shaft inside
a pressure vessel. The leaves are stationary during
precoating and filtration, but rotate at 400 rpm at
the end of a filter cycle to remove the filter cake.
Generally, the filtration cycle is 45 to 50 minutes,
followed by a similar period for cake washing,
drying, removal, and filter precoating. These filters
have to be designed to operate at 600F and 200
psig. Filtration rates for these filters are on the
order of 20 to40 pounds per square foot of filter
area per hour for slurries containing 25 to 18
percent coal. Rotary pressure precoat filters have
also been in use at the Pittsburg and Midway Coal
Mining Company SRC plant at Fort Lewis, Washing
ton.
H-Coal Process
The original H-Coal process was developed on a
bench-scale by Hydrocarbon Research, Inc. (HRI)
and Cities Service Oil Company. This work,
conducted in 1964, was essentially an extension of
the ebullated-bed processing technology originally
used to convert heavy oil residues from petroleum
into lighter fractions (H-Oil Process). Under the
sponsorship of the Office of Coal Research, HRI
constructed a process development unit (PDU) cap
able of treating about three tons of coal per day,
yielding in excess of three barrels of crude liquids
per ton of coal.
Many successful runs were made on the
bench-
scale unit and the PDU, using a variety of different
feed coals. Tests involved Eastern, Midwestern, and
western bituminous coals, Western subbituminous
coal, Texas and North Dakota lignite, and Australian
brown coal. The units also provided valuable
information regarding process variables
(tempera-
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ture, pressure, feed rate, catalyst properties, etc.).
Based on the data acquired from the bench-scale
unit and the PDU, design and engineering began in
1973 on a 600-ton-per-day pilot plant. The plant is
located adjacent to the Ashland Oil, Inc. refinery in
Catlettsburg, Kentucky. The location will allow
much of the utility system to be shared with the
refinery. Construction of the plant, together with
continuing laboratory studies, are being conducted
under the joint sponsorhip of (1) the U.S. Depart
ment of Energy, (2) a private industry consortium
composed of the Electric Power Research Institute,
Ashland Synthetic Fuels, Inc., Conoco Coal Develop
ment Company, Mobil Oil Corporation, and Standard
Oil Company (Indiana), and (3) the Commonwealth of
Kentucky. The plant is scheduled for completion in
1980.
The H-Coal process converts coal to hydrocarbon
liquids by hydrogenation with a cobalt-molybdenum
catalyst in an ebullated-bed reactor. Depending on
the operating conditions, the liquid product may
range from a heavy boiler fuel to a synthetic crude
product. A schematic of the process is shown in
Figure 144.
Coal is first crushed to minus 60-mesh, dried,
slurried with recycle oil, and pumped to a pressure
of approximately 200 atmospheres.
Compressed
hydrogen is then added to the slurry and the mixture
is preheated. The material is then charged continu
ously to the bottom of the ebullated-bed reactor.
The upward flow of slurry through the reactor
maintains the catalyst in a fluidized state. Catalyst
activity is maintained by the periodic addition of
fresh catalyst and the withdrawal of spent catalyst.
Reactor temperature is controlled by adjusting the
preheater outlet temperature. Typically, the tem
perature of the slurry entering the reactor is
650-
700F.
The vapor product from the reactor is cooled and
the heavier components are collected as a liquid.
The remaining gas is sent to a separation unit where
the light hydrocarbons, ammonia, and hydrogen
sulfide are absorbed. The remaining hydrogen-rich
gas is recompressed and combined with the feed
slurry. The absorbed gases are subsequently treated
to yield fuel gas, ammonia, and sulfur.
The liquid stream from the primary condenser is




































Figure 144. H-Coal Process Schematic
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Here it is distilled to produce a light distillate and a
heavy distillate product. The solid-liquid product
stream from the reactor, which contains unconvert
ed coal, ash, and oil is fed to a flash separator. The
overhead products are subsequently treated in the
distillation unit and the bottoms product is further
treated with a hydroclone, a liquid-solid separator,
and a vacuum distillation unit.
The liquid and gaseous products, composed of
hydrocarbon gas, hydrogen sulfide, ammonia, light
distillate, heavy distillate, and residual fuel, may be
further refined if desired. A portion of the heavy
distillate is recycled as the slurrying medium. The
product stream containing the unreacted carbon and
some liquid, while it is not currently being fully
utilized, will eventually be processed to yield addi
tional hydrogen.
The operating conditions of the H-Coal process
can be altered so as to produce various types of
primary product. For example, to produce a
synthetic crude product, relatively high tempera
tures and hydrogen partial pressures are used and
the solids-liquid separation can be conducted by
vacuum distillation. On the other hand, the produc
tion of gas and low-sulfur residual oil requires lower
temperatures and pressures. In addition, less hydro
gen is consumed during the production of residual
oil.
The H-Coal process requires between 14,000 and
20,000 standard cubic feet of hydrogen for each ton
of coal processed, depending, on the type of fuel
produced. Some of this requirement can be obtained
from the gas produced in the reactor, but additional
quantities must be added to the system. During
pilot plant runs, this makeup hydrogen was pur
chased from a vendor; however, in a commercial
venture, this hydrogen would have to be produced on
site. Since approximately 90 percent of the carbon
contained in the feed coal is converted to a liquid by
the H-Coal process, the feed to the hydrogen
generation plant could likely be a liquid rather than
a solid. Therefore, it is possible that any number of
commercial hydrogen production processes could be
adapted for use.
The properties of both the fuel oil and syncrude
products from the H-Coal process are shown in
Table 184.
511*
Both products were produced at 2,245
psig and 850F. In the fuel oil mode, the coal feed
Table 184
Properties of H-Coal Distillates













/60 F 0.864 0.979 0.838 1.025
Gravity, API 32.3 13.0 37.4 6.6
Pour point, ASTM D-97,
F < 5 < 5 < 5 < 5










Cs 1.08 3.87 0.96 14.90
Saybolt viscosity, SUS,
100
F - 39 _ 77
Sulfur (Bomb)
ASTM D-129, wt-pct 0.13 0.29 0.06 0.35
Nitrogen, Kjeldahl,
wt-pct 0.420 0.446 0.212 0.871
Carbon residue
(Conradson) ASTM-524,









































































































Figure 146. SRC-II Process
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rate was 62.4 pounds per hour per cubic foot of
reactor volume with a hot separator reactor slurry
recycle of 1.045 pounds per pound of coal and a
distillate recycle of 1.4 pounds per pound. The
output consisted of 27.9 weight percent overhead
product and 72.1 weight percent vacuum bottoms.
In the syncrude mode, the feed rate was 31.2 pounds
per hour per cubic foot of reactor volume. Slurry
recycle rate was 3.98 pounds per pound of coal and
distillate recycle was 0.4 pounds per pound. Output
was 48.2 weight percent overhead and 51.8 weight
percent vacuum bottoms. Hydrogen consumption for
these runs was 12,200 standard cubic feet per ton in
the fuel oil mode and 15,200 standard cubic feet per
ton in the syncrude mode.
Solvent Refined Coal (SRC) Process
The development of the Solvent Refined Coal
(SRC) process is being conducted in pilot plants at
Fort Lewis, Washington and Wilsonville, Alabama.
Pittsburg & Midway Coal Mining Company has the
responsibility for the operation of the
50-ton-per-
day plant at Fort Lewis which is funded by the U.S.
Department of Energy. The operation of the six-
ton-per-day plant at Wilsonville is jointly sponsored
by the Department of Energy and the Electric Power
Research Institute, and Southern Company Services,
Inc.
Initial investigation of the feasibility of a coal
de-ashing process was performed by Spencer Chemi
cal in 1962, under a contract to the Office of Coal
Research. The process was successfully demonstrat
ed in a 50-pound-per-hour continous-flow unit in
1965. In 1969, Stearns-Roger Corporation complet
ed the design of the 50-ton-per-day plant for
Pittsburg & Midway Coal Mining Company, and Rust
Engineering Company was responsible for the con
struction of the plant which became operational in
October 1974. Initial tests studied the effects of
different coal feed rates and dissolver temperatures.
By late 1976, 3,000 tons of SRC had been produced
for use in combustion testing by Southern Services
Company's Georgia Power Company. In 1977, the
plant was modified, and operations were conducted
in the SRC-II mode.
Catalytic Inc. designed, built, and is operating
the six-ton-per-day pilot plant for EPRI and South
ern Company Services in Wilsonville. The pilot plant
began operation in January 1974. By the end of
1977, one subbituminous and six bituminous coals
had been tested.
The SRC I process converts high-sulfur, high-ash
coals to a low-sulfur, low-ash solid fuel. The SRC-II
process results in a liquid rather than a solid by
recycling the product slurry as solvent, thereby
increasing the conversion of the coal to lower mole
cular weight fuels. The SRC-II process is less
complex than the original process and eliminates the
difficult filtration step. A schematic of the SRC-I
process is shown in Figure 145 and a schematic of
the SRC II process is shown in Figure 146.
In the SRC process, the coal is first pulverized to
less than 1/8 inch and mixed with process-derived
solvent. The solvent-to-coal ratio is about 1.5 for
SRC I and 2.0 for SRC II. The slurry, at 450F and
2,000 psig, is combined with hydrogen and is pumped
to a preheater to increase the temperature to 700-
750F, and then fed into a dissolver. In this unit,
which operates at an optimum temperature of 840-
870F, the coal is hydrogenated, and thereby de-
polymerized, leading to an overall decrease in
product molecular weight and dissolution of the
coal. The solvent is also hydrocracked in the
dissolver unit, yielding lower molecular weight
hydrocarbons ranging from light oil to methane. The
hot effluent from the dissolver is treated in a series
of high pressure separators where gases and light
hydrocarbons are removed as vapor, leaving a heavy
liquid slurry stream suitable as solvent. The vapor
stream is then cooled to condense liquid hydrocar
bons which are separated from the gases.
The liquid slurry is subjected to a mineral
separation step where the undissolved solids are
removed. Process solvent is recovered from the
coal solution by distillation and recycled to slurry
the coal feed. The residue which remains is the
solvent refined coal product.
In the SRC II process, the slurry stream from the
dissolver is split into two portions, one of which is
recycled to provide solvent for coal slurry mixing,
while the other is fractionated to recover the
primary products of the. process. The light hydro
carbon liquid stream from the dissolver is also
fractionated. The products from the fractionation
system are naphtha, low-sulfur fuel oil, and a
vacuum residue consisting of heavy oil, ash, and
undissolved organic material from the coal. The
gases from the dissolver are subsequently treated to
remove hydrogen sulfide and carbon dioxide. A
cryogenic separation unit yields liquid petroleum
gases and pipeline gas for sale. Unreacted hydrogen
is recovered and recycled to the process. Recently,
tests have been conducted in which the process
features of the SRC II process (recycle) are used to
produce a combination of solid and liquid products.
Typical properties of solid SRC-I product are
shown in Table 185.515 Table 186 shows the
properties of both the solid and liquid products
which can be produced by using the recycle SRC
process.516
Depending on the severity of the
recycle process, a wide combination of the solid and
liquid products can be produced.
Synthoil Process
The Synthoil process was developed by the U.S.
Bureau of Mines and is currently being managed by
the U.S. Department of Energy through the Pitts
burgh Energy Research Center (PERC) in Bruceton,
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Table 185
Typical Properties of SRC I Product
Coal Feed-Western Kentucky
Bituminous
Carbon, wt. % 88.0
Hydrogen, wt. % 5.9
Nitrogen, wt. % 2.2
Sulfur, wt. % 0.7
Oxygen, wt. % by difference 3.1
Ash, wt. % 0.2
Forms of Sulfur
Sulfate, wt. % _
Pyritic, wt. % -
Organic, wt. % 0.7




Foster Wheeler Energy Corporation was responsi
ble for designing and managing the construction of a
ten-ton-per-day process development unit scheduled
for mechanical completion in 1978. As of early
1978, however, the process was no longer under
active development.
The Synthoil process is a hydrodesulfurization
process that converts high-sulfur coal to a
low-
sulfur, low-ash synthetic fuel oil. A schematic of
the process is shown in Figure 147. The coal is first
crushed to 70 percent minus 200-mesh and dried to
approximately two weight percent mositure. It is
then mixed with process product oil to form a slurry
of 35-40 percent coal. The resulting slurry is then
combined with hydrogen and fed into a fired
preheater. From the preheater, the slurry enters a
fixed-bed catalytic reactor packed with catalyst
pellets of cobalt molybdate on silica-alumina base.
The product mixture is then cooled and the liquid
and unreacted solids are separated from the gases.
Although the process is considered to be catalytic,
due to the use of cobalt molybdate pellets, recent
studies with inert glass beds have tended to indicate
that the catalytic effect noted in the process is due
primarily to the mineral constituents in the coal
itself.
5 1 7
Pennslyvania. Initial work began in 1969 at PERC in
a reactor with an internal diameter of 5/16-inch in a
bench-scale plant that processed five pounds of
slurry per hour.
A 1/2-ton-per-day unit was then constructed
which used a reactor of 1.1-inch ID made of two
interconnected stainless steel pipes each 14.5 feet
long. Operational reliability of the 1/2-ton-per-day
unit was demonstrated in 1977.
Hydrogen propels the slurry so violently through
the fixed-bed reactor that plugging of the bed by the
mineral matter in the coal is prevented as the coal
becomes liquefied. The liquids and unreacted solids
leave the bottom of the separator and pass into a
centrifuge. The solids are separated and may be fed
into a pyrolyzer. Part of the liquid leaving the
centrifuge is recycled to the mixer and the remain
der is drawn off as fuel oil product. The solids are
further pyrolyzed to yield additional quantities of
product oil and an ash residue. This residue, which
Table 186
Typical Properties of SRC Fuels
Using Recycle SRC Process
Solid Fuel Distillate Fuel
Gravity:0
API -18.3 5.0
Approximate Boiling Range: F 800+ 400-800
Fusion Point: F 350 -
Flash Point: F - 168
Viscosity: SUS at 100 F - 50
Sulfur* 0.8 0.3
Nitrogen* 2.0 0.9
Heating Value: Btu/lb. 16,000 17,300



































Figure 147. Synthoil Process Schematic
contains some carbonaceous material, will be sent to
a gasifier and shift converter to produce additional
hydrogen in any commercial operation.
The separator off gases are sent through a gas
purification system where they are separated into
five product streams: Hydrogen sulfide, water,
ammonia, hydrocarbon gases, and hydrogen. The
hydrogen sulfide is sent to a sulfur recovery system
yielding elemental sulfur as the product. The
hydrocarbon gases are fed to the gasifier and shift
converter. The hydrogen stream which is mixed
with the hydrogen produced in the gasifier is fed
into the slurry stream entering the preheater.
Analyses performed by the Bartlesville Energy
Research Center518 on Synthoil product from West
Virginia coal showed the product to be brownish-
black in color, having a specific gravity of 1.081,
and nitrogen and sulfur contents of 0.79 and 0.42
weight percent, respectively.
Exxon Donor Solvent Process
Initial research (Phase I) of the Exxon Donor
Solvent (EDS) process extended from 1966 to 1973.
During that time, extensive research was conducted
in experimental equipment ranging in complexity
from 100-cubic centimeter batch units to a continu
ous 1/2-ton-per-day integrated pilot plant. Various
reactor configurations, separation techniques, sol
vents, and process variables were studied. The
result of these studies was a non-catalytic tubular
plug-flow liquefaction reactor that circumvented
the need for ash-tolerant catalysts and mechanical
separation devices.
Phase II of the EDS development, the planning
and design phase, was conducted during 1974-1975.
Major effort during this time was the basic design of
the 250-ton-per-day pilot plant, which began in
1976. Arthur G. McKee and Company was awarded
the detailed engineering and procurement contract
for the plant in 1977 and Daniel Construction
Company was awarded the construction contract.
Pilot plant start-up is scheduled for December 1979.
The essential features of the EDS process are
illustrated in the process schematic, Figure 148.
Crushed coal is liquefied in a non-catalytic tubular
reactor in the presence of molecular hydrogen and
the hydrogen-donor solvent. The liquefaction re
actor operates at 800-880F and 1500-2000 psig.
The hydrogen-donor solvent is a 400-850F boil
ing range material. The solvent is a catalytically-
hydrogenated recycle stream fractionated from the
middle boiling range of the liquid product. After
hydrogenation, the solvent is mixed with fresh coal
feed and pumped through a preheat furnace into the
liquefaction reactor. Slurry leaving the liquefaction
reactor is separated by distillation into gas, naphtha,
distillates, and a vacuum bottoms slurry. The
vacuum bottoms slurry is coked to produce addi
tional liquids.
The plant is self-sufficient in both process fuel
and hydrogen requirements. Process fuel and hydro
gen are produced by gasifying the coke and by
reforming CrC2 gases from the liquefaction pro
cess.
The critical processing steps are essentially






























Figure 148. Donor Solvent Process
technology. Distinguishing features are the de
coupled configuration of the liquefaction and cata
lytic hydrogenation sections and the use of vacuum
distillation for solids/liquid separation. The catalyst
does not contact coal minerals or high-boiling
liquids, thereby leading to longer catalyst life at
high activity. Use of hydrogenated rather than
unhydrogenated recycle solvent produces a very
significant improvement in process operability,
particularly in downstream processing vessels. Also,
hydrogenated solvent produces higher distillate pro
duct yields than unhydrogenated solvent. The use of
mechanical separation devices for solids/liquids sep
aration is avoided.
The process gives high yields of low-sulfur liquids
from bituminous or subbituminous coals or lignites.
For Illinois bituminous coal, the liquid yield is 2.6
barrels of
Ck+
liquid per ton of dry coal. Ammonia
and elemental sulfur are the only by-products of
significance. By varying liquefaction conditions or
adjusting solvent properties,
product distribution
may be varied over a wide range.
The typical properties of the products from the
EDS process are shown in Table
187.519 The raw
coal feed for these tests was Illinois No. 6 coal.
Clean Coke Process
Laboratory and bench-scale development studies
on the Clean Coke process were initiated by U.S.
Steel in 1969 using Illinois No. 6 seam coal to
establish technical feasibility. In 1972, the Office
of Coal Research awarded USS Engineers and Con
sultants a contract to develop a process capable of
converting low-grade, high-sulfur coal to low-sulfur,
low-ash metallurgical coke, chemical feedstocks,
and liquid and gaseous fuels. Early work, which
included bench-scale studies of the critical areas of
the process, was followed by the installation and
operation of large process development units to
continue development work on the larger scale. The
carbonization and hydrogenation units are each
designed to process nominally 500 pounds per day of
coal feedstock. In addition to these major plants,
other units were operated to study preparation of
binder for cokemaking and production of pelletized
metallurgical coke.
The Clean Coke process is shown schematically
in Figure 149. Oxidized, beneficiated feed coal is
processed through a fluidized-bed carbonization unit
at pressures up to 165 psia and temperatures as high
as 1470F- The coal is devolatilized and desulfur
ized to produce tar, gas, and a low-sulfur char that
can be processed to produce a metallurgical-grade
coke.
Beneficiated or raw feed coal is processed by
non-catalytic hydrogenation at temperatures of 850
to 900F and pressures up to 5000 psig to liquefy
most of the organic coal matter. The liquid is
converted ultimately to chemical products, recycle
solvent for the hydrogenation reaction, and a heavy
oil that is used as a binder in cokemaking.























106 92 247 239
180 157 368 347
199 182 433 412
Density (g/cm )
Elemental Analysis, Wt.
0.87 0.80 1.08 1.01
C 85.60 86.80 89.40 90.80
H 10.90 12.90 7.70 8.60
0 2.82 0.23 1.83 0.32
N 0.21 0.06 0.66 0.24
S 0.47 0.005 0.41 0.04
Higher Heating Value MJ/kg
lr...,..,.. , , or. _._UiU. -
42.6 44.9 39.8 42.1




































Figure 149. Clean Coke Process Schematic
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hydrogenation are combined for further processing
in a central system, as are gaseous products from all
operations. The gases are treated in a facility which
includes ammonia and acid gas removal, a sulfur
production unit, an ethylene plant, and a cryogenic
gas separation system. Important chemical products
from the process include benzene, naphthalene,
phenol, cresols, xylenols, pyridine bases, aniline,
creosote fraction, and carbon-black feedstock.
Ethylene, propylene, and a high-heating value fuel
gas constitute the major gaseous products. In
addition, anhydrous ammonia and elemental sulfur
are available as products of the gas-cleaning opera
tions.
Zinc Halide Process
Continental Oil Company, with the participation
of Shell Development, a division of Shell Oil
Company, is under contract to the U.S. Department
of Energy to develop the zinc halide hydrocracking
process. In 1975, an existing bench-scale
(two-
pounds-per-hour) zinc halide hydrocracking unit and
a five-pound-per-hour continuous fluidized-bed com
bustion unit for the regeneration of spent zinc halide
melt were refurbished. Initial studies included the
development of an economical regeneration process
for the efficient recovery of zinc halide from the
spent melt.
A 100-pound-per-hour process development unit
was designed, and approval to build the unit was
received in mid-1976, with completion scheduled for
early 1978.
A schematic of the process is provided in
Figure 150. The coal is dried and pulverized and
then introduced into a feed tank where it is slurried
with a process-derived recycle oil. The slurry feed
is transferred to a hydrocracking reactor where it is
mixed with hydrogen and the zinc chloride catalyst.
In the reactor, the coal is cracked to distillates in
the gasoline range, producing on distillation a clear
90 RON gasoline without further processing, and a
small quantity of very low sulfur, low-nitrogen fuel
oil. The gas is subsequently separated from the
liquid in a product receiver. Spent catalyst is then
fed to a regenerator for catalyst recovery.
Toscoal Process
The Toscoal process is a pyrolysis liquefaction
process developed by the TOSCO Corporation (for
merly The Oil Shale Corporation). The process is
almost identical to the TOSCO II process used for
the retorting of oil shale. General data related to
the process have been presented by Carlson.
300
In the Toscoal process, crushed coal is fed to a
rotating drum along with ceramic balls which have
been heated in an external furnace. The heat for
pyrolysis is transferred from the ceramic balls to
the coal particles. The products obtained from coal
are gas, oil, and char. From a typical one-ton
sample of subbituminous coal, approximately 1,000
pounds of char, 156 pounds (1,700 standard cubic
feet) of gas, and 145 pounds of tar (d, and heavier)
may be produced. The tar product would have a
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Total1 99.9 100.1 99.8
Heating Value (Gross;, BtiJ/Ib) 16,590 16,217 15,964
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* Feed Wyodak coal was different from that used in Runs C-2 and C-3,
** Combination of TBP and D-1160 distillations.
have a gross heating value of approximately 600 Btu
per standard cubic foot.
The properties of the oil product from three
different test runs are shown in Table 188 and
product yields are shown in Table 189.520 As char is
also an important product of the process, typical
char properties are shown in Table 190. The coal
feed for all the runs was subbituminous coal from
the Wyodak mine near Gillette, Wyoming.
Occidental Flash Pyrolysis Process
The Garrett Research and Development Com
pany, Inc. was the original developer of this process
for the rapid pyrolysis of fine coal. The company
later became a division of Occidental Petroleum
Corporation, and recently, the name of the division
248
Table 189
Toscoal Retorting of Wyodak Coal
Product Yields
(lb/ton of as-mined coal)
Pilot Plant
Retort Temperature 800 F 900 F 970 F
Run No. C-8 C-2 C-3
Char 1049.0 1011.7 968.7
Gas (Co and lighter) 119.0 156.7 126.0
(SCF/ton) (1250.0) (1777.0) (1624.9)
Oil (C and heavier) 114.0 143.0 186.2
(gal/ton) (13.2) (17-4) (21.7)
Water 702.0* 702.0* 702.0*
Totals (lb) 1984.0 2013.4 1982.9
Recovery {%) 99.2 100.7 99.1
*Value assumed from Fischer assay and moisture content. The
addition of steam to the process prevented accurate measurement
of water produced in retorting.
was changed to the Occidental Research Corpora
tion (ORC). A three-ton-per-day process develop
ment unit was constructed by ORC to study the
process. Under a contract from the U.S. Depart
ment of Energy, this unit was revised and improved
for current studies. ORC and the Commonwealth of
Kentucky currently have a cost-sharing joint venture
aimed at providing a detailed design for a
250-ton-
per-day pilot plant.
The ORC process involves the pyrolysis of coal
particles at a temperature of less than 1400F in an
entrained stream of hot coal char and gas, substanti
ally free of oxidizing constituents. The process
features short residence time of coal particles,
thereby increasing the throughput per unit of cross
sectional reactor area, and producing a relatively
high yield of liquid products. Figure 151 provides a
schematic flow diagram of the process.
After the coal is extensively milled and screen
ed, it is transported to the pyrolysis reactor by
heated nitrogen at rates of up to 300 pounds per
hour. In the reactor, the coal is mixed with recycled
hot char which rapidly heats the coal to a pyrolysis
temperature in the range of 950F to 1350F. The
char circulation rate ranges from five to ten times
that of coal.
Char is separated from the pyrolysis vapors by a
series of three cyclones. A portion of the char is
cooled as product and the remainder is fed to the
char heater where it is partially burned with air to
raise its temperature to 1200F to 1700F for
recycle to the reactor. The second and third stage
cyclones remove fine char from the pyrolysis vapor
prior to quenching in the tar collection system. This
system consists of three subsections: two tar
recovery stages and a vacuum flash unit.
In the first recovery stage, raw pyrolysis gas is
quenched to about 210F, most of the heavy tar
vapors are condensed, and any entrained char is
removed. The pyrolysis gas is cooled to approxi
mately 80F in the second recovery stage, where
water and light oils are removed. The vacuum flash
































































Equilibrium Moisture (wt %) 10.0 10.8 9.9
Hardgrove Grindability 59.5 49.1 45.6
Heating Values
Gross, Btu/lb 11,826 12,560 12,963
Lb S0-/MM Btu 0.85 0.32 0.46


































Figure 151. Flash Pyrolysis Process
recovered tars into high and low boiling fractions,
the high boiling fraction representing the main
product tar.
The overall material balance for a typical run is
shown in Table 191.
521
Feed coal was subbitu
minous C coal from Wyoming.
Fischer-Tropsch Process
The Fischer-Tropsch process converts synthesis
gas, initially produced by the gasification of coal
with steam and oxygen, to largely aliphatic hydro
carbons over an iron or cobalt catalyst. The process
was operated successfully in Germany during World
War II and has been used commercially at the Sasol
gasification plant in South Africa. During the
1950's, the U.S. Bureau of Mines operated a
50-
barrel-per-day pilot plant at Louisiana, Missouri. A
commercial plant in Brownsville, Texas was also
operated in the 1950's and produced 7,000 barrels
per day of liquid product from natural gas feedstock.
Methanol Synthesis
Methanol, CH3OH, is a water-soluble, low mole
cular weight alcohol which will be of increasing
importance as a low-sulfur fuel, a chemical feed
stock, and perhaps as an intermediate product in the
production of gasoline. The preferred method for
preparing methanol is the catalytic conversion of
synthesis gas which contains carbon monoxide and
hydrogen in the mole ratio of 1:2 according to the
exothermic reaction shown below:
CO + 2H
-
CH3OH; H = 26 KCal
As the reaction is exothermic, and since three moles
of gases combine to form one mole of product, high
pressures and low temperatures tend to carry the
reaction toward completion.
Table 192 lists selected properties of methanol.
Figures 152, 153, 154, 155 and 156 show freezing
points of aqueous solutions, specific gravities of
aqueous solutions, specific gravities versus tempera
ture, vapor pressure versus temperature, and speci
fic heat versus temperature.
Most methanol is produced by reformation of
natural gas with steam to produce synthesis gas
followed by catalytic conversion to methanol.
Catalysts are proprietary, but usually contain cop
per, zinc, or chromium oxides.
The Lurgi low pressure process utilizes a tube
reactor in which the tubes are filled with catalyst
and the shell side is filled with water. Synthesis gas,
at 80 atmospheres pressure, is reacted at a tempera
ture maintained at 250-260C. Exit gases are
cooled, methanol is condensed, and gas is recycled
to the compressor.
Vulcan Cincinnati, Inc. utilizes a similar system





































catalyst beds which promote relatively high metha
nol yields per pass. Nissui-Topsoe utilizes multiple
beds of copper-zinc-chromium catalyst which are
maintained at 440-520F under 1500 psig. ICI
(Imperial Chemical Industries) utilizes a pressure of
50-100 atmospheres, a copper-based catalyst, and
temperatures of 200-300C.
Mobil Oil Corporation has developed a process on
a four-ton-per-day pilot scale which can successfully
convert methanol into 96 octane gasoline. Although
methanol could be used directly as a transportation
fuel, conversion to gasoline would eliminate the
need to modify engines, and would also eliminate
some of the problems which have been encountered
with gasoline-methanol blends. Mobil is also work
ing on a process to convert synthesis gas directly to
gasoline.
For some 25 years, Mobil has been studying and
developing zeolite catalysts for use in catalytic
cracking applications. Out of this research came a
new family of synthetic zeolites that Mobil calls the
ZSM-5 class of catalysts. The new zeolites were
found to have a unique channel structure, different
from the previously known wide-pore faujasite (with
channels nine to ten Angstrom units in diameter) and
other narrow-pore zeolites (with pore diameters to
about five Angstrom units). One particular type of
zeolite was found to convert methanol into a
mixture of hydrocarbons corresponding to high
quality gasoline. The pore openings of the new
catalyst are of the right size to limit the size of the
product molecules, with the result that the product
hydrocarbon distribution ends near that of conven
tional high-octane gasoline.
The new catalyst is said to have the ability to
operate for long periods with but negligible coke
formation, relative to the amounts of hydrocarbon
processed. This resistance may be due both to the
zeolite's chemical compostion and its pore size.
In summary, the conversion process dehydrates
methanol, then rearranges the carbon and hydrogen
atoms. The overall material and energy balances of
the methanol-to-gasoline conversion are as shown in
Table 193.
The four-barrel-per-day plant is shown schemati
cally in Figure 157, furnished by Mobil Research and
Development Corporation. Crude methanol is
vaporized at the bottom of the reactor, and passes
through the dense fluidized catalyst bed at 775F
and 25 psig. The methanol is converted to hydrocar
bons and water. The catalyst is removed from
reaction products in a disengager section at the top
of the reactor, the reactor effluent is condensed,
252
Table 192






Boiling Point 9 760 mm
Freezing Point
Specific Gravity, 60 F/60 F






High Heating Value (HHV, Gross]
Low Heating Value (LHV, Net)
Latent Heat of Vaporization
Refractive Index 9 20 C
Critical Constants:
T.






64.6 C (148.3 F)
-97.8 C (-143.9 F)
0.7964
6.63 pounds/gallon
11.1 C (52 F)
467 C (873 F)





506 Btu/pound 9 68 F
1.3288
239.4 C (462 F)
78.7 atmospheres
117.8 cm3/g-mol









Vapor Density A 20 C
Viscosity 9 20 C
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Figure 153. Specific Gravity of Aqueous
Solutions at 20C.
Figure 154. Specific Gravity at Various
Temperatures
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Average Bed Temperature , F 775 F
Pressure, psig 25
Space Velocity (WHSV) 1.0
Yields, wt % of charge
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and the water and hydrocarbon products are separa
ted. To make additional gasoline, propene and
butenes can be alkylated with isobutane by conven
tional petroleum technology. The reactor is 25 feet
long and four inches in diameter.
Portions of the catalyst powder are periodically
removed from the reactor and regenerated with air.
The regenerated catalyst is transferred back to the
reactor. Some typical product yields from the fluid
bed process are shown in Table 194. Small amounts
of carbon monoxide, carbon dioxide, and coke are
formed as by-products.
The only coal-to-gasoline technology in com
mercial operation today is the Fischer-Tropsch
process. It is used in South Africa, but it is a
high-
cost process that makes low-octane gasoline and
many by-products. Compared to Fischer-Tropsch,
Mobil's process makes more gasoline of much higher
unleaded octane number, less light gas, and essenti
ally no fuel oil or oxygenates. Mobil's
process also
requires only half as many steps to convert synthesis
gas into final products. The relative economics of
the Fischer-Tropsch and Mobil processes are being
assessed by Mobil under a contract with the U.S.
Department of Energy (DOE).
Mobil is currently (1978) preparing plans for a
100-barrel-per-day unit. This pilot plant program, if
it materializes, will take about four years to
complete, but would provide more accurate data for
design of a commercial plant than is available from
the four-barrel-per-day plant.
Under contract with DOE, Mobil is now investi
gating its discovery that synthesis gas can be
processed directly into high-octane gasoline, thus
eliminating the methanol synthesis stage of the
coal-to-gasoline sequence. This technology, how

























Oil sands (also known as tar sands and bituminous
sands) are sand deposits which are impregnated with
dense, viscous petroleum. Oil sands are found
throughout the world, often in the same geographi
cal area as conventional petroleum. The largest
deposit in the world is in the Athabasca area in the
northeast part of the Province of Alberta, Canada.
This deposit contains nearly 900 billion barrels of
bitumen, the organic constituent in the sand. In the
United States, oil sand occurrences have been noted
in 22 states; however, only six states contain
deposits which conceivably could support commerci
al operations. These U.S. deposits contain approxi
mately 27 billion barrels of oil in place.
Oil sands have the interesting property that the
bitumen is relatively easy to separate from the sand
by a wide variety of methods. This has led to the
development of a multitude of extraction processes.
Despite the fact that the oil sands deposits have
been known for many years, and that the bitumen
separates rather easily from the sand matrix, it has
been only recently that oil sands have achieved
major commercial importance. The first commerci
al venture to manufacture synthetic crude oil from
oil sands was begun in 1968 by Great Canadian Oil
Sands, Ltd. and the plant, located in Alberta, is now
producing approximately 50,000 barrels per day.
The second large commercial facility, the Syncrude
Project, also in Alberta, ultimately will produce





The Athabasca oil sands deposits are located in
the northeast part of the Province of Alberta,
Canada. Figure 158 shows the extent of the
deposits. The location of each deposit has been
officially designated by the Provincial government.
Both the geographic and stratigraphic boundaries of
the deposits have been specified in eight orders by
the Alberta Energy Resources Conservation Board
(ERCB). This classification legally distinguishes
between "oil
sands"
and "bituminous sands", even
though there is no technical difference between
them. The legal distinction arises because of an
early recognition by the Province of Alberta of the
existence of a valuable resource in the MeMurray
Formation (Athabasca deposit) before there existed
sufficient geologic knowledge to predict the exis
tence of similar deposits elsewhere in the Province.
Before the later orders were issued, the government,
by statute, had designated the "Bituminous Sands
Permit Area" under the Mines and Minerals Act.
ERCB's underlying purpose in recently designa
ting the oil sands deposits may be viewed as no more
than giving legal status to the names which had
become attached to each area, as well as putting all
operators on notice that oil and gas activities within
the areas and within the strata designated in the
orders will require application for an oil sands
permit from the Department of Mines and Minerals.
Oil sands ownership rights technically are the
property of the Crown, but rights have been granted
to the Province of Alberta to issue leases and
collect royalties under the Provincial Mines and
Minerals Act.
GEOLOGY
Figure 159 301* shows typical geological features
of the Alberta oil sands deposits. The floor of the
deposit is limestone of Devonian Age. Above the
Devonian base occur, in order, the MeMurray,
Clearwater, and Grand Rapids Formations. The
MeMurray Formation is a layer of sand,
cross-
bedded in some locations with lenses of clay and
shale. Where the MeMurray Formation has been
impregnated with bitumen, it is the oil sand. Along
the Athabasca River, north of the town of Fort
MeMurray, for several miles east and west, the
Clearwater and Grand Rapids Formations may be
absent. These formations are sandstone and shale
layers without bitumen saturation. Where they have
weathered away, outcrops of oil sands can be
observed along the Athabasca River bank for about a
hundred miles to the north of Fort MeMurray.
There are two schools of thought regarding the
origin of the oil. One is that the oil was formed
locally, and has neither migrated a great distance,
nor been subjected to large overburden pressures.
Since, under these conditions, the oil could not have
been subjected to thermal cracking, it is geologi
cally young and, therefore, dense and viscous.
The opposing theory assumes a remote origin for
the oil, both geographically and in geological time.
The oil, originally like a conventional crude, is
assumed to have migrated into the sand deposit
which may originally have been filled with water.
After the oil migrated, the overburden pressures
were relieved, and the light ends of the crude
evaporated, leaving behind a dense viscous residue.
This theory would explain the water layer surround
ing the sand grains in the Athabasca deposit.
However, because the metals and porphyrin
contents of bitumen are similar to those of some
259
Figure 158. Location of Alberta Oil Sands Deposits
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Figure 159. Schematic Geological East-West Cross Section of Northern
Alberta Oil Sands
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conventional Alberta crude oils of Lower Cretaceous
age, and because of the relatively low coking
temperature of Athabasca bitumen, the bitumen
may be of Lower Cretaceous age. This is the age of
the MeMurray Formation and is geologically young.
This evidence supports the theory that the oil was
formed in situ and is a precursor, rather than a
residue, of some other oil.
RESERVES
As with all other mineable resources, two dis
tinct categories of proved reserves exist in-place
and recoverable. In the case of oil sands, "proved
in-place
reserves"
is defined as the total raw
bitumen present in a deposit. "Proved recoverable
reserves"
are those supplies of bitumen which could
reasonably be recovered within the limitations of
current technology. While the in-places reserves
can be calculated based on data received from a
comprehensive exploration program, recoverable re
serves are dependent on a number of geologic and
technical factors.
One parameter which determines the proved
recoverable reserves is the accessibility of the
resource as measured by overburden thickness.
Figure 160 summarizes the overburden thickness for
the Athabasca deposit. Current mining methods are
applicable to shallow deposits, characterized by an
overburden ratio (thickness of overburden layer to
thickness of oil sands zone) on the order of 1.0. The
Athabasca oil sands have a maximum thickness of
about 300 feet, and average about 150 feet. Figure
160 indicates that approximately ten percent of the
in-place deposit may be mineable within current
concepts of the economics and technology of open
pit mining. Only this part is included in the proved























































At the other end of the overburden scale are the
deposits which must be treated by in-situ means.
All such processes now under investigation involve
the injection of a driver substance into the oil sands
through injection wells and the recovery of bitumen
through production wells. These techniques require
a relatively thick overburden layer to contain the
driver substance between injection and production
wells. This necessary overburden thickness is
commonly accepted to be approximately 500 feet.
As can be seen by the graph, this technique, if shown
to be practical, would substantially increase the
proved recoverable reserve estimates. Figure
161
k6h
illustrates the quantities of bitumen which
could be recovered by the various recovery schemes.
It may be noted that the deposits having overburden
thicknesses between 150 and 500 feet cannot likely
be recovered with either technique, and thus new
technologies will have to be developed to allow





















































Figure 160. Overburden Thickness of
Alberta Oil Sands
Figure 161. Crude Bitumen Reserves
In Place Attributable to
Surface Mining, Uncertain, and
In Situ Extraction Methods
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Another parameter which determines the proved
recoverable reserves is the concentration of the
resource, or the percent bitumen saturation. Figure
162
30i*
illustrates the bitumen saturation of the
Athabasca oil sands. For oil sands of ten weight
percent saturation, one must process roughly two
tons of oil sands to recover one barrel of bitumen.
By 'simple arithmetic, if the ore contains only five
weight percent, twice the amount of ore must be
processed to recover one barrel of bitumen. Obvi
ously, there is an economic lower limit to the
bitumen saturation of the oil sands which can be
processed. For a mining process, this lower limit
may be on the order of five weight percent. For
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Figure 162. Bitumen Saturation of
Alberta Oil Sands
Yet another factor which is taken into account in
the calculation of recoverable reserves is mining
recovery efficiency. An accepted value for this
figure is 90 percent.
Figure 163. Reserves of Crude Bitumen
In Place in the Athabasca, Cold






When overburden thickness, bitumen saturation,
and mining efficiency are all taken into account, the
estimated proved recoverable reserves, as stated by
the ERCB, are 38 billion barrels
379
of bitumen, or
roughly 4.2 percent of the 895 billion barrels of
proved in-place reserves. The distribution of the in-
place reserves is shown in Figure 163.
United States
LOCATION
While some 24 states contain occurrences of oil
sands, only six states contain deposits which could
conceivably support commercial extraction opera
tions. These states are:
Alabama
California
Utah alone contains approximately 93 percent of
the estimated U.S. oil sands reserves.
The Alabama deposits lie in the northern part of
the state, in Colbert, Cullman, Franklin, Lawrence,
and Morgan counties. This location is shown in
Figure 164.
There are six deposits in California which con
tain in excess of one million barrels of bitumen.
These deposit areas are Casmalia (north and south),
Edna, McKittrick, Point Arena, Santa Cruz, and
Sisquoc. The deposit locations are shown in Figure
165.
There are six deposit areas containing more than
one million barrels located in Kentucky, five of
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Figure 164. Alabama Oil Sands Deposits
The locations of the Utah deposits present some
formidable problems regarding the recovery of the
resource. While those deposits in the Uinta Basin
are generally accessible, the P. R. Spring, Hill
Creek, Tar Sand Triangle, Circle Cliffs, and
Sunny-
side deposits are located in rough terrain in remote
areas of the state. In the Sunnyside area, the best
part of the deposit is found along cliffs rising 2,000
feet or more above narrow canyons. Any extraction
facility located at these sites will also encounter a
shortage of water, as the deposits are situated in
some of the most arid regions of Utah.
GEOLOGY
Alabama
Mississippian age strata of the Pride Mountain
Formation, Hartselle Sandstone, and Bangor Lime
stone in northern Alabama contain asphalt and heavy
oil. These petroliferous rocks outcrop in parts of
Colbert, Cullman, Franklin, Lawrence, and Morgan
counties. In these counties, Mississippian strata are
relatively flat-lying and of fairly uniform thickness.
The Hartselle Sandstone is the most extensive
and richest asphaltic rock of the three. It is part of
a transitional sequence from terrigenous facies in
the southwest to a central carbonate facies. The
Hartselle pinches out northeastward and southwest-
ward, and consists of numerous subparallel linear
thickness maxima that trend NW-SE. These lenti
cular bodies appear to range in size from 10 to 35
miles long, and one to eight miles wide; they are up
to 150 feet thick. These features are separated by
broad areas where the Hartselle is thinner.
Logan County.
166.
These locations are shown in Figure
New Mexico's only known commercial reserve of
oil sands is the Santa Rosa deposit in Guadalupe
County. The location of this deposit is shown in
Figure 167.
The most significant deposit of oil sands in
Texas, and the only one containing more than one
million barrels, is the Uvalde deposit. This deposit
is in southwestern Uvalde County, 15 to 20 miles
southwest of Uvalde, Texas. This site is shown in
Figure 168.
According to the Utah Geological and
Mineralog-
ical Survey, Utah has 51 separate deposits of oil
sands.
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Twenty-five of these deposits are located
in the Uinta Basin in the northeast part of Utah and
22 lie in the central southeast portion of the state.
The remainder of the deposits occur in the north
west, southwest, and
far southeast portions of Utah.
Figure 169 shows these deposit areas.
The lenticular thick bodies are fine grained,
well-sorted, medium to thick bedded, cross lami
nated quartzose sandstones. The broad, thinner
areas between thickness maxima are fine grained,
poorly sorted, and medium to massive bedded.
These areas contain appreciable terrigenous matrix,
ripple laminations, interbeds of mudstone, laminated
mudstone, and thin to massive beds of siltstone.
Lithofacies affect oil saturation of the Hartselle.
Higher saturations occur in the "clean" sandstone,
comprising the thick bodies, than in the
"muddy"
thinner areas. Oil saturation in the impregnated
intervals of the Hartselle ranges from one to 60
percent, and averages about 27 percent of pore
volume. Oil saturation, permeability, and porosity
increase slightly to the west.
The Pride Mountain Formation is a medium to
dark gray fissile clay shale. It may contain abundant
fossils, calcarious clay shale, shaley argillacious
limestone, and units of sandstone. Lithology, thick
ness, and regional extent of any of these units vary
abruptly. Asphalt occurs in limestone and sandstone














Figure 165. California Oil Sands Deposits
The Bangor Limestone overlies the Hartselle and
is bioclastic and oolitic packstone and grainstone.
Calcareous clay shale and lime mudstone also occur
through the formation. Asphalt is found in frac
tures, vugs, and intergranular pores.
California
In the Casmalia deposit, oil impregnated diato-
maceous mudstones of the upper Miocene and lower
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Figure 168. Texas Oil Sands Deposits
Santa Barbara County. In the northern part of the
area, asphalt dikes and sills penetrate the Sisquoc
Formation. Parts of the outcrop up to 200 feet deep
have burned away in relatively recent geologic time.
Coarse sandstones in the Pismo Formation of
upper Miocene and Pliocene age host deposits of
bitumen in the Edna deposit. Bituminous deposits
are concentrated in narrow areas on both flanks of a
narrow northwest trending syncline. Surface expo
sures are extensive, and there is little or no
overburden.
Most of the asphalt occurrences in the
McKittrick deposit are contained in the Tulare
Formation of Pliocene and lower Pleistocene age.
Deposits are concentrated in a highly disturbed zone
100 to 1200 feet wide. This zone is characterized by
small scale shears, clastic intrusives, and faulting.
These deposits are probably not suitable for strip
ping or quarrying because of
their small size, erratic
distribution, and thick overburden.
In the Point Arena deposit, two oil-impregnated
sandstones within the Miocene Monterey Formation
outcrop at Arena Cove and Porter O'Neal Ranch in
Mendocino County. These outcrops are in the trough
of an asymmetric syncline; the main asphaltic bed is
believed to extend between the two areas under a
veneer of terrace deposits.
Vaqueros and Monterey formations of Miocene
age host bedded oil-rich sandstones and bituminous
sandstone intrusions that occur as sills or dikes in
the Santa Cruz deposit. In the southwestern part of
the area, the sandstones are cemented by calcite. In
the northeastern part of the area the deposits are
generally richer, softer, and gummy.
Eight outcrops of upper Pliocene Careage For
mation lie unconformably on Monterey shale. These
bituminous sandstone deposits form the Sisquoc
deposit. They are up to 185 feet thick, and buried as
deeply as 70 feet; however, the average overburden
































Figure 169. Utah Oil Sands Deposits
267
and in some areas, reasonably amenable to open pit
mining.
New Mexico
The oil of the Santa Rosa deposit is contained in
the Santa Rosa Sandstone of upper Triassic age.
This formation is irregularly bedded, and consists of
sub-angular to sub-rounded fine to medium-sized
quartz grains, and scattered flakes of mica. The
Santa Rosa deposit is actually three separate out
crops; one is south of the Pecos River, and two
larger deposits of more than 4,530 acres are north of
the Pecos River.
Texas
Late Cretaceous Anacacho Limestone contains
the asphalt in the Uvalde deposit. Most asphalt-
bearing zones are horizontal, but distribution of
asphalt may be irregular within impregnated hori
zons due to the presence of dense crystalline
limestone and thin shale beds.
Utah
Two distinct types of oil sands deposits exist in
Utah. Oil sands deposits which occur due to
structure or stratigraphy in close proximity to the
area of origin are referred to as "in
situ"
deposits.
Oil sands which are the result of oil migrating to
other areas where stratigraphic or structural condi
tions have trapped the oil are referred to as
"migrated"
deposits. The following discussion deals
with the geology of the oil sands deposits of the
Uinta basin and central southeast part of Utah.
Most of the data were taken from
Ritzma.380
The origin of the oil in 23 of the 25 deposits in
the Uinta basin is most probably from Tertiary
Green River Formation lacustrine sediments. Along
the gentle dipping southern and eastern flank of the
Uinta basin, 13 of the 23 oil sands deposits are
classified as in situ. These in situ deposits contain
oil which has remained in the Green River Forma
tion or the underlying Wasatch Formation. Oil sands
deposits from Raven Ridge on the eastern flank of
the basin to the southern flank of the basin are the
result of large stratigraphic traps wherein the oil
from the Green River Formation was trapped in
porous sands of the Green River and underlying
Wasatch Formations. Further migration was inhi
bited by variations in porosity and permeability.
The resulting large "oil
fields"
were later breached
by erosion. Because the oil in the oil sands has been
exposed to atmospheric or near atmospheric condi
tions, the more volatile constituents found in con
ventional oil and gas fields have escaped, leaving a
viscous, low gravity "oil".
uplift. The effect on in situ oil was that the oil
traps existing prior to uplift were ruptured, allowing
oil to migrate into younger or older rocks, depending
on the structural situation. Therefore, the oil sands
deposits located along the northern flank of the
Uinta basin are referred to as migrated deposits. At
six of the migrated deposits, oil has migrated from
the Green River Formation upward into porous sands
of the Duchesne River Formation. The Whiterocks
deposit is the result of Tertiary oil migrating into
much older Jurrassic Navajo Sandstone. Asphalt
Ridge oil occurs above and below the unconformable
contact between the Duchesne River Formation and
the Upper Cretaceous Mesaverde Formation. At
Asphalt Ridge Northwest, tertiary oil is found in the
Cretaceous lower Mesaverde. The Pariette and
Chapita Well deposits, located in the central part of
the basin, contain oil originating in the Tertiary
rocks which has apparently migrated upward along
fractures and faults into the Uinta Formation. The
oil in the Daniels Canyon deposit, located on the
northwestern flank of the Uinta basin, is contained
in Permo-Pennsylvanian rock, and is believed to
have migrated upward along fractures through an
extensive overthrust sheet from Tertiary rocks
beneath the sheet. The Split Mountain deposit is the
only deposit in the Uinta basin which definitely
contains paleozoic oil in Permian rocks.
RESERVES
According to data currently available, there are
approximately 27 billion barrels of oil in place in
U.S. oil sands deposits. The distribution of these
reserves is as follows:
Alabama 1.18 billion barrels
California 294 million barrels
Kentucky 149 million barrels
New Mexico 57 million barrels
Texas 130 million barrels
Utah 25.1 billion barrels
Since Utah alone contains approximately 93 percent
of the total U.S. reserves, it is the most likely
source of oil for future large scale operations.
California, Kentucky, and Utah all contain more
than one major oil sands deposit and considerable
data exist on the distribution of the total reserves
throughout these areas. In California, the estimated















The north flank of the Uinta basin has been
folded and faulted as a result of the Uinta Mountain
The reserve distribution in the Kentucky deposit













200 million tons of
sandstone
123.5 million tons of
sandstone at 10-14
gallons per ton
White Canyon Flat 2.8 million barrels
Wickiup 60-75 million barrels























































































Typical oil sands consist of a mixture of sand
grains, water, and bitumen. In some deposits the
sand is water-wet, implying that a thin layer of
water encloses each sand grain and the bitumen
surrounds the wetted grains and somewhat fills the
voids. The balance of the void volume is filled with
connate water plus, in some instances, a small
volume of gas. The gas is usually air, but some test
borings in Alberta have reported methane. All of
the Alberta deposits and some of the U.S. deposits




Figure 170. Structure of Typical Oil
Sands Particles
Some deposits in the United States lack the
water layer around the sand grain and are, there
fore, oil-wet. This characteristic is an important
consideration regarding the choice of extraction
procedure.
Oil sands exist in both consolidated and unconsol
idated forms, depending on the degree of cementa
tion. Unconsolidated deposits, such as those in
Alberta, are soft when warm but become hard when
frozen. While this complicates the mining opera
tion, crushing costs can be minimized by maintaining
an adequate temperature. Consolidated oil sands, on
the other hand, require considerably different min
ing processes and must be crushed prior to proces
sing.
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Two important parameters to consider with
respect to oil sands processing is bitumen saturation
and percent fines. The percent bitumen, or organic
component of the oil sands, can be determined by
solvent extraction. The percent fines, or the weight
percentage of the dried, extracted oil sand mineral
which passes a 325-mesh seive, can be determined
by screening. Figures 171 and 172, from Camp
k
summarize a number of analytical results on core
samples obtained from test borings in the Great
Canadian Oil Sands Lease 86 in the Mildred-Ruth
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Figure 171. Core Analysis Data: Relationship of Bitumen to Fines
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Figure 172. Core Analysis Data: Relationship of Water Content
to Fines Content of the Total Mineral
together show the direct correlation of water
content with fines, and the inverse correlation of
bitumen content with fines. Figure 173, also from
Camp, relates bitumen, water, and fines contents
from a single test excavation on Lease 86.
In Figure 174
30't
the vertices of the triangle
represent 100 weight percent bitumen, 100 weight
percent mineral, and 100 weight percent water
content. Typical composition for oil sands, froth
product, middlings, and tailings (products obtained




The amount of bitumen in Alberta oil sands
generally ranges from 0 to 18 percent, by weight.
However, it is commonly found that the bitumen-
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Figure 174. Triangle Diagram Representing Comp
osition of Oil Sand-Water Mixtures
percent of the weight of the oil sands. For the
Athabasca deposit, Figure 175 illustrates the per
centage of the deposit having various bitumen
concentrations.
Alabama
The bitumen saturation of the Alabama deposits
ranges from 3 to 14 weight percent. The largest




The California oil sands deposits are relatively
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Figure 175. Athabasca Oil Sands Bitumen
Saturation
percent.381 '3Bh
The richest deposit is the North
Casmalia deposit located in Santa Barbara County.
Saturation in this area has been observed to be as
great as 18 weight percent. Bitumen saturation in
the largest deposit, Edna, in San Luis Obispo County,
ranges from 9 to 16 weight percent.
Kentucky
The deposits in Kentucky are relatively lean,
with bitumen saturation ranging from 4.5 to 6.7
weight percent.
3 e J ' 3 8 5
New Mexico
The average saturation of the Santa Rosa deposit
is approximately six weight percent.
3 8 1 ' 3 8 6
Texas
The reported values of bitumen saturation in the
Uvalde deposit range from approximately 6.5 to 15.5
weight percent.
3 8 1 ' 3 8 7
Utah
The oil saturation of Utah oil sands ranges from
zero to almost 17 weight percent. The average
saturation in Northwest Asphalt Ridge, near the site




from the P.R. Spring area show similar saturations,
with averages of 9.4 weight percent in Threemile
Canyon,392
6.8 weight percent in Asphalt
Wash,393
4.0 weight percent in North Seep
Ridge,395
and 4.6
weight percent in South Seep
Ridge."
The Flat





Prior to determining the composition of raw
bitumen, the material must first be isolated from
the sand matrix. This separation process is most
commonly performed in the laboratory using a
Soxhlet-type extractor. Using this device, a suitable
solvent, such as benzene, is continually added; and
the dissolved material is withdrawn until no further
solution occurs. To be dissolved, the oil sand sample
must be pulverized. For unconsolidated sands, this
may involve only breaking the sample so it fits in
the extractor. For consolidated samples, it is
usually necessary to pulverize the samples to minus
10-mesh. Following extraction, the bitumen is
recovered by evaporating the benzene solvent.
Alberta, Canada
The chemical composition of bitumen from the
Athabasca deposit is relatively constant over a large
geographical area. This is illustrated by Tables 195
and 196 which list the composition of bitumen in
various oil sands from Athabasca deposits. Table
197388
shows the total analysis of bitumen from the
Cold Lake deposit compared with similar data from
the Athabasca deposit.
United States
A relatively small amount of information cur
rently exists regarding the composition of bitumen
from U.S. oil sands, except for those deposits in
Utah. Table 198, by
Wood,389
shows the composi
tion of 27 oil sand samples from 16 different
deposits in the Uinta Basin. Table 199, by the same
author, describes the composition of samples from
three major deposit areas in the central southeast
part of Utah. Table 200 is a compilation of data
taken from
Kayser390
dealing with bitumen from
the P. R. Spring deposit.
PROPERTIES
Viscosity
The viscosity of bitumen varies widely with
temperature. For bitumen from three deposit areas
of Alberta, this temperature dependence is shown in
Table 195
Properties of Athabasca Bitumen from Various Sources
From Ft.MeMurray
Shell Clear- 75 120 Home
Mildred-
Ruth Lakes Sample No. Canada Water Ells miles miles Oil






River River South West Co.
Gravity, "API 6.5 7.6
Sp. Gr., 60/60 F 1.006
-- --
-- -- -- 1.007 1.006 1.022 --
Dist. Temp., F
IBP -- 505
-- -- -- -- --
-- --
5% __ 544
-- 430 575 -- -- -- -- --
10% _- 610
-- 560 660 -- -- -- -- --
30% 795
-- 820 840 -- -- -- -- --
50% 981
-- 1010 965 -- -- -- -- --
end pt.
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Molecular Weight -- 539







__ -- 83.6 83.3 83.4 82.9 83.0
hydrogen 10.4 10.4 10.59





-- -- 0.2 1.3 0.9 0.9 0.8
0.5 0.36 0.40 0.29
-- 0.4 0.4 0.6 0.5 0.4










-- -- -- 97
iron --
-- 75 -- --
-- -- -- 42
copper
























Heating Value, Btu,/lb 17,810
-- -- 17,690 17,870 17,700 17,500
Data Source 321 314 319 322
323 321 321 321 321 317
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Table 196
Properties of Athabasca Bitumen from Various Sources
Inspection
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324 321 321 321 324 321
Table 197
Total Analys is of Cold Lake and Athabasca Biitumens^ '
(Wt %)



















































(a) A = Athabasca bitumen; C = Cold Lake bitumen
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Table 198













P. R. Spring (Dragon-
Asphalt Wash)




















Rim Rock Mbr. of Mesaverde Fm.
(Upper Cretaceous)
Asphalt Ridge Mbr. of Mesa
verde Fm. (Upper Cretaceous)
Uinta Fm. (Eocene)
Parachute Creek Mbr. of Green
River Fm. (Eocene)
Douglas Creek Mbr. of Green
River Fm. (Eocene)
Duchesne River Fm. (Eocene)
Duchesne River Fm. (Eocene)
Duchesne River Fm. (Eocene)
Douglas Creek Mbr. of Green
River Fm. (Eocene)
Parachute Creek Mbr. of Green
River Fm. (Eocene)
Douglas Creek Mbr. of Green
River Fm. (Eocene)
Parachute Creek Mbr. of Green
River Fm. (Eocene)
Green River Fm. (Eocene)
Parachute Creek Mbr. of Green
River Fm. (Eocene)
Wasatch Fm. (Eocene)
Green River Fm. (Eocene)
Green River Fm. (Eocene)
Wasatch Fm. (Eocene)
Park City Fm. (Permian)
Duchesne River Fm. (Eocene)
Duchesne River Fm. (Eocene)
Duchesne River Fm. (Eocene)
Uinta (?) Fm. (Eocene)
Currant Creek Fm. (Paleocene ?)
Currant Creek Fm.
(Paleocene-Eocene)

















13.4 84.0 10.2 1.4 0.40 0.970 14.3
1.7 82.0 10.6 1.2 0.28 1.013 8.2
2.7 85.1 10.3 1.1 0.39 1.025 6.6
11.2 81.5 11.8 1.4 0.40 1.017 7.6
63.9 90.0 3.6 0.7 0.44 0.979 13.0
13.5 82.4 3.1 0.0 0.46 1.039 4.8
11.1 75.5 10.3 0.6 0.41 1.078 -0.2
12.4 80.0 9.5 1.0 0.45 1.012 8.3
14.8 88.0 10.0 1.8 0.35 1.031 5.7
97.6 86.0 10.9 0.67 0.36 0.969 14.5
8.6 79.2 9.74 1.07 1.31 1.041 4.4
7.0 85.0 11.2 0.33 0.27 1.001 9.9
7.3 78.2 10.3 0.90 0.43 1.014 8.0
12.6 72.9 9.76 0.55 0.38 1.045 3.9
10.6 81.5 9.95 0.61 0.43 1.027 6.3
9.0 78.1 9.62 0.34 0.33 1.037 5.0
11.3 81.8 10.1 0.49 0.43 1.024 6.7
1.12 85.6 3.4 0.0 2.94 1.055 2.7
10.7 76.2 7.9 0.9 0.47 1.022 7.0
14.1 83.6 3.2 1.0 0.82 1.061 1.9
2.6 87.5 3.3 0.60 0.76 0.968 14.7
5.45 74.9 10.1 0.40 0.20 1.038 4.9
2.55 81.3 10.8 0.10 0.21 1.025 6.5
8.25 83.0 3.2 0.80 0.29 1.004 9.8
1.3 86.4 9.9 1.35 0.32 1.017 7.6
7.8 84.4 11.2 1.3 0.48 0.996 10.6
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Table 199








































Shinarump Mbr. of Chinle
Fm. (Triassic)
Shinarump Mbr. of Chinle
Fm. (Triassic)
Shinarump Mbr. of Chinle
Fm. (Triassic)
Shinarump Mbr. of Chinle
Fm. (Triassic)
Shinarump Mbr. of Chinle
Fm. (Triassic)
Shinarump Mbr. of Chinle
Fm. (Triassic)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
White Rim Ss. (Permian)
Organ Rock Sh. Tongue of
Cutler Fm. (Permian)
White Rim Ss. (Permian)
Salt Wash Mbr. of Morrison
Fm. (Jurassic)
















6.44 68.0 7.9 0.50 3.58 1.1748 -11.1
27.0 88.9 3.0 0.60 4.19 1.0602 2.0
0.7 84.4 9.5 0.35 3.59 1.062 1.7
2.8 84.0 8.6 0.9 3.07 1.107 -3.7
3.0 77.0 8.7 0.6 2.37 1.023 6.8
5.0 72.4 8.6 0.6 3.82 1.057 2.4
3.1 76.4 8.6 0.6 4.09 1.143 -7.7
7.2 62.1 7.4 0.4 4.36 1.123 -5.5
6.9 61.3 6.9 0.4 3.02 1.160 -9.5
5.0 67.7 9.0 0.9 3.54 1.140 -7.4
5.4 72.5 8.3 0.7 3.91 1.087 -1.3
2.1 76.0 10.3 0.6 3.89 1.080 0.5
8.1 85.0 11.8 0.65 3.65 1.059 2.1
56.4 73.5 9.42 0.50 4.19 1.003 9.6
1.3 82.1 9.6 0.65 3.30 1.012 8.3
5.7 85.2 9.4 0.5 6.27 1.038 4.8
21.3 69.6 8.95 0.53 3.87 1.035 5.2
3.9 74.8 5.8 0.7 3.36 1.106 -3.6
91.8 75.5 7.5 0.5 4.25 1.013 8.2
9.8 75.0 8.7 0.7 2.67 1.042 4.3
6.9 85.0 11.8 0.7 3.13 1.051 3.1
27.3 84.3 9.1 0.4 3.65 1.059 2.1
2.0 73.8 8.7 0.3 3.28 1.021 7.1
2.42 89.0 3.1 0.5 2.16 1.025 6.5
8.6 83.0 7.4 0.8 4.16 1.091 -1.8
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Table 200 Density
Properties of Oil Sands from P. R. Spring Deposit
Sample Number
1 2 3 4 5
Gravity, "API 11.0 9.4 10.7 6.3 13.8
Specific Gravity 0.993 1.004 0.995 1.027 0.974
Sulfur, wt. % 0.40 0.36 0.33 0.42 0.34
Nitrogen, wt. % 1.08 0.84 0.88 1.26 0.77
Carbon Residue, wt. %
(Conradson)
15.2 12.5 13.7 15.8 11.0
Figure 176 by Camp.
301*
Table 201 shows the
viscosities of various Alberta and U.S. bitumen
samples. The large variability may be caused by
small amounts of solvent left in the bitumen sample
after extraction or by a small portion of the lighter
end fractions of the bitumen being lost during
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Figure 176. Viscosity of Bitumen from
Alberta Oil Sands
The density of bitumen at 60F is slightly
greater than that of water. Figure 177, after
Camp,301*
shows that the density of bitumen varies
with temperature. A density curve for water is
superimposed. Note that the water and bitumen
curves cross twice, at about 100F and at about
240F. The maximum density difference occurs in
the 150F to 180F range, which is near the
operating temperature of the hot water separation
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ties of bitumen extracted from two Utah oil sands
deposits and one California deposit.
Table 201














1. 35,100 - 513 -
2. -- 4,993
3. -- 17,533 --
Shell Canada -- -- -- 35,000
Abasand -- -- 500,00















At 32 F., 5 cm. per minute cm.
-- --
At 77 F., 5 cm. per minute cm. 100+ 100+ 100+
Fire point F 545 590 570
Flash point F 450 480 495
Loss on heating percent 0.6 0.2 0.6
Penetration:
At 32 F., 200 gm. wt., 60 seconds dmm. 27 17 21
At 60 F., 100 gm. wt., 5 seconds dmm. 39 29 34
At 77 F., 100 gm. wt., 5 seconds dmm. 100 100 100
At 100 F., 100 gm. wt., 5 seconds dmm. 287 Soft
At 115 F., 50 gm. wt., 5 seconds dmm. Soft Soft Soft
Penetration at 77 F., of residuum from loss on
heating test dmm. 66 78 80
Softening point F 120 114 112
Specific gravity at 77/77F 1.019 1.009 1.035
Spot tests:
Oliensis:
Initial Positive Positive Positive
After 24 hours Positive Positive Positive
Heptane-xyleiie equivalent Passing Passing
--
Viscosity at 210 F.:
Furol seconds 2,380 1,180 940
Kinematic stokes 51.4 25.5 20.3
Absolute poises 49.9 24.5 20.0
Viscosity at 275 F.:
Furol seconds 315 160 120
Kinematic stokes 6.80 3.45 2.59
Absolute poises 6.46 3.25 2.49
Minerals
ALBERTA, CANADA
The chemical analyses of the inorganic mineral
portions of various oil sand samples have been
reported by several authors and have been summa
rized by
Bowman,319
whose data are presented in
Table 203.
Typically, about 99 percent of the oil sand
mineral matter consists of quartz grains and clay
minerals. The sand grains range downward in size
from a maximum diameter of about 1 mm, which is
the approximate size of the opening of a 26-mesh
Tyler series screen. However, about 99.9 percent of
the mineral matter is finer than 100 microns, which
is the approximate size of the opening of a 150-mesh
Tyler series screen. Any mineral matter ranging in
size between 44 microns (325-mesh Tyler series) and
two microns is referred to as silt. Mineral matter
sized below two microns is referred to as clay.
nassns n Wd
Table 203
Elemental Analysis of Oil Sand Solids as
Reported by Various Authors












Al 2.,54 0.42 1.5 1.19
Mg 0.14 0.,04 0.12 0.006 0.14
Ca 0.16 0.,00 0.14 0.015 0.36
Fe 0.54 0..33 0.07 0.07 0.24









Clays are aluminosilicate minerals and definite
chemical compositions have not been established for
most of them. However, as used herein, clay is only
a size classification and is usually determined by a
sedimentation method. According to our definition




presents a summary of the
minerals which have been found in oil sands.
Based on the sieve analyses of the oil sand
mineral from a number of core samples,
Carrigy316
described three classes of oil sands with respect to
their particle size distribution. Class I oil sands
display median mineral grain diameters in the range
of 150 to 600 microns and have a fines content of
less than ten percent, by weight. Class II oil sands
display median mineral grains diameters in the 85 to
180 micron range and have a fines content from two
to ten percent, by weight. Class III sands display
median grain diameters in the 44 to 110 micron
range and have a fines content ranging from ten to
60 percent, by weight. Class I sands are typical of
the material from the bottom of the MeMurray
Formation. Class II sands are typical of the
material from the middle of the MeMurray Forma
tion, and Class HI sands are typical of material from
the top of the MeMurray Formation.




show the relationship between particle
diameters and weight percent finer than the indica
ted diameter. Superimposed on Figures 178-180 are
seive analyses of oil sand samples taken from three
geographical locations in the Athabasca deposit.
The largest grained of these sands are from
Bitu-
mount (Figure 178). These appear to be a mixture of
Class I and Class II sands. Samples from Ells River,
Abasand, and a low-fines sample from the GCOS
Lease 86 are all represented by the Abasand Line in
Figure 179. These are typical of Class II sands.
Figure 180 shows a GCOS sample of higher fines
content which is clearly a Class III sand. Class III
sands have the lowest oil content of the three. The
Class II sands are the richest, and average (among
Carrigy's samples) about 14 percent bitumen. Class
I sands are slightly less rich, and average about 12
percent bitumen, possibly because of some leaching
of the relatively porous bottom portion of the oil
sands deposit.
Carrigy's classifications refer to a vertical sub
division of the MeMurray Formation, whereas Fig
ures 178, 179 and 180 samples from different
geographical areas have been superimposed.
Figure 181, after
Camp,30"*
shows the wide range
of particle size distribution observed for a number
of samples from a single test excavation on the
GCOS Lease No. 86. Not shown in the figures is an
observation by Camp that over a wide range of fines
content in the oil sands samples, the clay portion is
relatively constant 30 weight percent of the fines.
Table 204
Mineral s Found in Oil Sand
Light Components -
Major Occurrence Sp. qr.
99% of total
Minor Occurrence Sp. qr.
Heavy Components
Major Occurrence Sp. qr.
1% of total
Minor Occurrence Sp. qr.
Quartz, Chert, 2.65 Feldspars 2.54-2.76


























Mineral Components of Clay Fraction
( <2 micron particle size)










Staurolite 3.65-3.75 Sillimanite 3.23
Mixed layer 11
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Weight % Fines ( < 44 Microns)
Figure 179. Oil Sand Particle Size
Classification II
Figure 181. Range of Particle Size
Distribution from Test
Excavation of GCOS Lease
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The grain size is usually in the 1/16 to 1/4 mm
range. The primary cementing material was found
to be calcite, which often filled the pore spaces
completely. The quartz component was found to be
subangular to subrounded with good sorting.
UNITED STATES
By far the most comprehensive literature avail
able regarding the mineral composition of U.S. oil
sands pertains to the Asphalt Ridge deposit area of
Utah. From the Mesaverde Group, reservoir rocks
of the Rim Rock Sandstone Member and the Asphalt
Ridge Sandstone Member were analyzed by
Kayser.390
The analysis of the Rim Rock Sandstone
showed the composition to be that given in Table
205. Except where it is modified by authigenic
additions, the quartz is generally subrounded with
grain size varying around 1/8 to 1/2 mm. The sand
is usually well sorted, with the very fine sand and
silt fraction comprising less than ten percent of the
total.
The composition of the Asphalt Ridge Sandstone
is shown in Table 206. The grain size is usually in
the 1/16 to 1/4 mm range. The primary cementing
material was found to be calcite, often filling the
pore spaces completely. The quartz component was
found to be subangular to subrounded with good
sorting.
Table 205











The density of oil sands is dependent on the
relative content of bitumen, minerals, and water.
The triangle diagram shown in Figure 182 depicts
the densities of water, bitumen, and mineral at
190F. Superimposing Figure 174 (in the Composi
tion Section) onto Figure 182 permits determination
of densities and percent solids of oil sands, froth,
middlings, and tailings products. The data presented
Table 206









Figure 182. Density and Percent Solids
of Oil Sand Mixtures
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066000066
K F- B oi 0>
OO6666
HEAT CAPACITY, BTU/LB *F
Figure 183. Heat Capacities at 190F




The densities of some Atha
basca samples are also shown in Table 207.
Considerable data on oil sand densities have also
been collected on Utah deposits. Table 208 is a
compilation of data presented in a series of docu
ments published by the U.S. Bureau of Mines related
to selected Utah deposits.
Porosity
The porosity of some selected Athabasca oil
sands samples is shown in Table 209. These data are
from Camp.301* The porosity of some Utah samples
is shown in Table 210. A comparison of the two
tables shows that the porosity of the Canadian
deposits is significantly greater than that of the
Utah deposits. Information is also available regard
ing the porosity of the Alabama oil sands deposits.
Core analyses reported by
Chaffin382
show the
porosity in the Alabama deposits to range from 3.9




Data presented by Camp
Jl"*
for some Athabasca
oil sands samples are shown in Table 211. Data for




Alabama oil sands ranges from 0.4 to 24 percent and
averages approximately 13 percent.
THERMAL PROPERTIES
The most extensive research into the area of
thermal properties of oil sands has been conducted
on Athabasca oil sands samples. As reported by
Camp,301*
the heat capacity of Athabasca oil sands
with varying compositions can be determined by
Figure 183. Development of this figure was based
on heat capacities of 1.0, 0.35, and 0.2 Btu/lb F for
water, bitumen, and quartz sand, respectively.
In general, the thermal conductivity of Alberta
oil sands increases with increasing bitumen
satura-
Table 207
Bulk Density of Selected Athabasca Oil Sands Samples
Source: Camp
304
Bitumen Content Density Range Average Densi ty Method of
% dry vweight g/cm g/cm Measurement










(1) 200 feet below surface
(2) 1000 feet below surface
Table 208
Bulk Density of Selected Utah Oil Sands Samples
Deposit Location



















































Flat Rock Mesa 13.4 20.2 396
Table 210




















Unknown 34<Z> Mechanical Well
Logs
(1) 200 feet below surface
(2) 1000 feet below surface
Table 211
























































Thermal Conductivity of Alberta Oil Sands
Bitumen Content Thermal Conductivity










tion. As reported by
Clark,373
values of thermal




Once the viscous bitumen is extracted from the
oil sands, it must be upgraded to produce a market
able and transportable product. There are a variety
of processes being used or proposed to perform this
upgrading task; however, they have in common the
fact that the principal product is a hydrocarbon
product resembling conventional crude oil. Hence,
the derivation of the common term "synthetic
crude"
or "syncrude". Analyses of synthetic crude
oils made from Athabasca bitumen by various
processes are summarized in Table 214. When the
synthetic crude is not desulfurized, as with some of
the processes described, the sulfur content is ap
proximately 4.0 weight percent. Using conventional
hydrodesulfurization processes, the levels of both
sulfur and nitrogen can be significantly reduced,
even down to parts per million levels, if so desired.
The synthetic crude, while considered to be a
single product, is in reality a blend of two or more
intermediate product streams from the upgrading
facility. Usually, these streams include gas oils,
distillates, and naphthas. For a variety of economic
reasons, these streams are blended to yield the
single syncrude product which is then transported to
a refinery for further processing. For many years,
the synthetic crude product from the Great Cana
dian Oil Sands, Ltd. plant in Alberta has been sold to
conventional refineries in both Canada and the
United States where it has been processed into a
variety of end products.
Another example of the high quality of the
upgraded products is the testing which has been
performed by the Canadian railroads. Beginning in
1974, tests were conducted in two railroad diesel
locomotive engines with both straight run synthetic
crude and gas oil from a process
sidestream!*65'
The
latter fuel differed from conventional railroad dis
tillate diesel fuel principally in its high aromatic
content and low cetane number. Compared to the
regular diesel fuel, the synthetic crude had a wider
boiling range, a lower cetane number, and a lower
flash point. Table 215, taken from
Strigner,"65
shows the properties of the various fuels tested.
Mixtures of both classes of oil sands fuels with
conventional diesel fuels were used quite success
fully, without incompatibility problems. Straight
run synthetic crude was also tested in laboratory
engines and all operating parameters closely moni
tored. Engine performance was found to be com
parable to standard fuels.
Coke
Table 216, after Camp, shows typical properties
of coke made from Athabasca bitumen by the
delayed coking process used at the Great Canadian
Oil Sands, Ltd. plant.
Tailings
Many processes have been developed for extract
ing bitumen from oil sands; however, only the K. A.
Clark hot water process has ever been used on a
commercial scale, or is likely to be, in the near
future. While the process has many attractive
features, it suffers from the inherent disadvantage
that the waste product to be disposed of occupies a
significantly greater volume than the void created
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Table 214
Properties of Synthetic Crude Oil Refined from Athabasca Bitumen
Feed
Cities D irect for
GCOS Service Shell fluid cokinq
UOP- hydro- Home Oil
















Gravity, API 15.4 30
Distil lation
temperature, F
IBP 210 162 176 182 118
5% 277 221 338 412 182
10% 300 254 265 460 482 245
30% 379 408 455 400 630 600 438
50% 486 507 585 540 682 650 550
90% 680 615 885 750
end pt 833 715 760
recovery, % 99 97
Viscosity
SUS/150 F 59
SUS/100 UF 34.4 36.6







nitrogen 0.02 0.096 0.09 0.24 0.1
oxygen nil 0.10














Process delayed coking; fluid thermal direct coking delayed destruc Exxon "Flexi
hydrotreating coking; cracking; of tar sand coking tive ing"; hydro




a^ Source: Sun Oil Company
322 323 324 324 326 327 500
by the mining of the ore. During the extraction
process, the bitumen-water-sand matrix is essential
ly destroyed, thus freeing the larger sand particles.
Upon emerging from the extraction plant, the
tailings consist of a solid part, composed primarily
of sand, and a fluid part, called sludge. This sludge
accumulates in the disposal area as a layer of fine
mineral and water, and settles very slowly, if at all.
For every ton of oil sands processed, a void of
slightly more than 16
cubic feet is created. The
extraction tailings which result occupy about 22
cubic feet. This represents^




nent distribution in the process and tailings streams
from the Great Canadian Oil Sands, Ltd. (GCOS)
plant. Figure 185 shows the typical particle size
distribution curve of GCOS tailings.
Based on operating experience at the GCOS
plant, Camp
9
developed a simplified material
balance model to predict the rate of sludge accumu
lation. Table 217 summarizes the model input data
as well as the actual and predicted values of tailings
sludge accumulation.
According to Camp, the methods being investi
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Figure 185. Typical Particle Size Distribution for GCOS Tailings
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Table 215
Specification Properties of Fuels Used in Laboratory Engine and Road Tests
Synthetic Crude Fuel
Conventional RR Diesel Fuel NRC CP
Sumner Winter Tests Tes
Sulfur (D129), % wt
Flash Point (FM) (D93), "F
Copper Strip Corrosion (D130)
(3 hrs 9 212 F (100 4C))
Cetane No. (D613)
Calc. Cetane Index (D976)
Conrad. Carbon Residue (D189) % wt
(10% bottoms)
Cloud Point (D2500), F








Total Sediment (D2276), mg/1
Water and Sediment (D1796), % vol
Notes
(1) Fuels with lower flash points may be sued without affecting engine operation, but precautions are needed for
(2) The copper strip corrosion rating was No. 3 at the start of engine performance tests, but diminished to No. 1
the tests.
inti CR Tests Gas Oil CM. Spec
m sts Hiqh Pour Low Pour Sidestream N.I. 17500
0.11 0.33 0.9 .11-. 19 .13-. 24 .06-. 12 .00-. 15 0.50 max.
130 126 <+ 28 <+ 14
<+
30 <+ 50 120-166 150
min.'1'
No. 1 No. 1 (2) No. 1 No. 1 No. 1 No. 1 No. 2 max.
44.0 45.8 38.8 35.5-37 35-37 36.5 29-31 40.0 min.
46.9 49.2 44.4 52-54 51-54 48-49.5 36-39 -
0.04 0.02 0.00 .00-. 11 .09-. 30 .09 .00-. 01 0.15 max.
+15 -24 -4 +10 to +20 +10 to +30 +14 to +18 -62 to -50 (3)
0 -35 -35 -15 to -5 -15 to 0 -55 to -50 -70 to -55 (3)
312 321 161 119-134 118-170 100-120 340-380 --
364 366 277 224-262 230-278 209-215 400-430 -
486 442 508 534-544 540-564 456-458 450-480 -
602 537 656 713-738 724-746 695-699 500-550 650 max.
665 575 715 751-761 732-792 765-773 560-610 700 max.
99.0 99.2 98.0 96-99 95-98 97.5 98-99 99.0 min.
7.3 13.2 37 18-24 18-19 3.8 1.3 max.







User to specify his own limits based on ambient temperatures. Pour depressant/flow improver additives are al
Limit based on a determination of settled fuel. The total sediment results shown were all obtained on a well
GM Specification, H.I. 1750E, revised in June 1975 includes two new specification limits:
storage and handling.
by the conclusion of
lowed.
mixed sample.
Viscosity at 100 F (D445)
Ash (D482) 0.02% wt max
1.8-5.6 est.
Table 216
Properties of Coke from Athabasca Bitumen
Source and Sample Number
Property


























Summary of Input Parameters for Predicting Sludge
Accumulation Using Simplied Model
Feed % Fines
% Feed Clay Rejected to
Screen Oversize
CI ay/Water Ratio in Sludge
Clay/Water Ratio in Sand Tailings
Sludge Accumulation, Cu Ft/TTS
Actual
Predicted
(1) Estimated Value Based on Clay Balances
(2) Range Depends on Value Assumed For Clay/Water Ratio in Sand Tailings
Cumulative
Startup to
GCOS Data: Volume Assumed
For Predictions
5/1/69 5/1/70 7/1/71 12/1/74













7.51 5.56 5.25 4.2
7.2 7.05 6.45 4.1
Reduce sludge accumulation
reduce clay input to process by selec
tive mining or rejection before or
during conditioning
- increase process clay/water ratio
increase interstitial clay/water ratio
Treat sludge after it is formed
-
settling




In the long run, the first approach would be the most
desirable, although only a limited amount of success
has been achieved in that area. On a commercial
scale, GCOS realized a 20 percent decrease in
sludge accumulation by rejecting clay to screen
oversize during conditioning. The bulk of research
conducted thus far has concentrated on the second
approach, however, all attempts thus far have been
found to be lacking either technically or economi
cally. Tailings impoundment has been the only
disposal method used on a commercial scale, al
though it is the least desirable of the three choices
for a permanent solution.
RECOVERY PROCESSES
Recovery processes can generally be divided into
two categories; aboveground and in situ (in place).
Some conceptual schemes, however, may involve a
combination of the two. Aboveground recovery
consists of four operations; oil sands mining, bitu
men extraction, bitumen upgrading, and waste dis
posal. In situ processes, on the other hand, consist
primarily of extraction and
upgrading.
To date, only the aboveground techniques have
been used on a commercial scale. At these sites,
the oil sands feed is mined by conventional techni
ques, using either bucketwheel excavators or drag
lines. The raw ore is then transported to the
extraction facility where an appropriate separation
process, usually the K. A. Clark hot water process,
is used to separate the bitumen from the sand
matrix. The bitumen is then treated using fairly
conventional refining processes to yield a
high-
quality synthetic crude oil. The inorganic mineral
matter from which the bitumen has been removed is
then disposed of by some appropriate process.
In situ processes have never been used on a
commercial scale, but several techniques have been
extensively studied in pilot projects. In situ proces
sing involves the separation of bitumen from the
sand matrix while it is still in the formation, thus
eliminating the mining and transportation of raw oil
sands ore. The separation may be effected by either
thermal or chemical means. Thermal processes
involve heating the formation with either steam, hot
water, or hot gases produced by combustion within
the oil sands zone. Chemical processes usually
involve the use of a solvent which can be pumped
through the formation, thus stripping the bitumen
from the sand. Depending on the particular extrac
tion process used, the hydrocarbon product produced
from the in situ operation may be of high enough
quality to eliminate the necessity for further up
grading prior to transportation to the refinery. On
the other hand, the recovered product may be heavy
bitumen which will require additional aboveground
processing to upgrade it to refinery-feedstock qual
ity. While mining and waste disposal problems are
largely eliminated by the in situ processes, recovery
288
efficiency and process control may not be as good as
with aboveground processes.
Aboveground
As of early 1978, one commercial plant was in
operation, a second was nearing completion, and
three additional plants were awaiting approval by
the Alberta Provincial government. In the United
States, several firms have, from time to time,
produced a refinery feedstock from oil sands, how
ever, by today's standards, these operations could
hardly be considered as
"commercial"
ventures.
Except for differing mining schemes and slightly
different upgrading processes, all of the existing or
proposed plants use essentially the same processing
scheme. Where differences do exist, it is usually in
an area where experience from other industries is
applicable, such as mining or refining. Processes
specific to oil sands processing, such as extraction,
have been restricted to those techniques proved
through years of operating experience at the Great
Canadian Oil Sands, Ltd. facility.
MINING
To provide the oil sands feed to a plant producing
100,000 barrels of synthetic crude oil per day
requires the mining of about 222,000 tons of ore per
day. This figure applies only to the ore itself, and
does not include the overburden which must be
stripped away to expose the oil sands for mining.
This mining rate is comparable to the largest
existing mining operations in North America.
Because of the vast amount of ore which must be
mined, only open pit methods have thus far been
considered for commercial application.
One of the most important parameters related to
mining is the overburden ratio, or the thickness of
overburden which must be removed to expose a unit
thickness of the ore body. Overburden ratios of 1.0
or less are usually deemed acceptable. The ratio at
the Great Canadian Oil Sands, Ltd. facility is
approximately 0.4.
Not only must the oil sands feed be provided to
the extraction facility in huge quantities, but it
must be supplied at a relatively constant rate. This
is required to maintain maximum operating effici
ency in the extraction and upgrading
sections.
Unfortunately, steady state output is the exception
in mining operations rather than the rule. Thus,
equipment must be duplicated to minimize downtime
and some material must be stockpiled to ensure a
constant supply. While these problems are common
to all oil sands mining operations, there are two
other difficulties which are peculiar to Athabasca




sands requires very large cutting
forces, and the ore is extremely abrasive to the
cutting
edges of the equipment; and (2) both the
equipment and pit layout must be designed to
operate during the long Canadian winters at
temper
atures as low as -60F.
There are currently two schools of
thought
regarding the selection of equipment for an
open pit
oil sands mine. The first suggests the use of a few
mining units of custom design, each being relatively
costly. Such units would be large bucketwheel
excavators, dredges, or draglines. The other ap
proach would use a multiplicity of smaller mining
units of conventional design and, therefore, lower
unit cost. These units would include scrapers,
front-
end loaders, trucks, etc. Each method has its own
advantages and peculiar risks.
3 3 2
The custom-
equipment approach is that followed by the Great
Canadian Oil Sands, Ltd. venture. Syncrude Canada,
Ltd. originally suggested the conventional-unit ap
proach in 1968
3 3




GCOS uses custom-built bucketwheel excavators,
Syncrude will use large electric draglines.
At the GCOS facility, the orebody is divided into
two benches, each nominally 75 feet in height. On
each bench, bucketwheel excavators, with an output
capacity of 9,000 tons per hour, mine the oil sands
from the working face and discharge the ore onto
crawler-mounted conveyors or belt wagons. These
units in turn transfer the ore to moveable 72-inch
wide conveyors moving at 1,050 feet per minute,
which are advanced toward the face from time to
time. These conveyors transfer the ore onto trunk
conveyors, which in turn feed the main conveyor.
This unit conveys the feed to the extraction plant.
Although the capacity of each excavator is adequate
to supply the requirements of the processing plant,
the redundancy of two units was built into the
operation to minimize the risk of total plant
shutdown due to equipment maintenance and un
scheduled shutdowns.
While the ore mining is being conducted in the
above manner, the overburden at the GCOS site is
stripped using front-end loaders and 150-ton trucks.
Originally, this task was performed by an electric
shovel and off-road trucks, was later changed to a
scraper system, and finally replaced by the current
system.
30>*
The first mining scheme proposed by Syncrude in
196833"*
involved the use of conventional scrapers
with a capacity of approximately 40 cubic yards.
After picking up a full load, the scrapers would drive
across a central dump station where the load would
be transferred to a belt conveyor which would move
the ore to the extraction facility.
In 1971, Syncrude modified its mining scheme to
include crawler-mounted draglines. Both overburden
and ore would be moved with these custom-built
units with capacities of approximately 80 cubic
yards. When mining oil sands, the dragline dumps its
load into a large storage pile from which it is
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reclaimed by bucketwheels. When mining over
burden, the load is cast back into the pit in
windrows. The ore from the reclaimer is trans
ported to the extraction facility by electric-powered
unit trains. Each of these trains consist of 17 cars,
with a capacity of 100 tons each. The facility will
use seven such unit trains.
All of the firms contemplating the construction
of commercial plants in Alberta have elected to use
either bucketwheel excavators or electric draglines.
The advantages and disadvantages of each of these
systems are listed in Table 218.
One alternative to open pit mining is under
ground mining of oil
sands.301*
Because oil sands
zones are not structurally competent, conventional
room-and-pillar or block caving techniques are not
applicable. Some work has been done, however, on
hydraulic slurry mining processes.
1*i81*i9,'.2 ,121
While the details of the processes vary to some
degree, they all involve the use of a stream of water
or steam to break up the ore body. The resulting
slurry is then collected and pumped to the surface
for treatment. This technique has been used for
some time to recover uranium ore but has just
recently been applied to oil sands. A sketch of a
typical underground slurry mining process is shown
in Figure 186.
EXTRACTION
Before the bitumen can be upgraded into a
valuable end product, it must be separated from the
sand matrix by a process known as extraction. Many
techniques have been developed to perform this





employed the application of heat.
Direct Coking
One of the most direct routes to bitumen
recovery, the direct coking of the oil sands using a
fluidized-bed technique, has been investigated by






simplified diagram of the process. Ore is fed
directly into the coker, operating at approximately
900F, where it is contacted by a fluidized bed of
hot sand. This sand is clean, having had the coke
burned off. As the raw ore is heated, the volatile
portion of the bitumen is distilled, the residual
portions are thermally cracked, and a layer of coke
is deposited on each grain of sand. Products leaving
the coker are condensed and off gases are recycled
to fluidize the bed. The condensate is a heavy
synthetic crude oil having the properties shown in
Table 219. The coked solids are withdrawn from the
coker vessel through a standpipe, fluidized with air,
and transferred to a second vessel. In this vessel,
known as the burner or regenerator, the coke is
burned off the sand grains. The unit operates at
approximately 1400F- The clean hot sand, with
drawn from the regenerator through a standpipe, it
then separated into two streams, the first part
(20-
40%) being rejected and the remainder being recir
culated to the coker to provide heat. Some
Table 218
Advantages and Disadvantages of Bucketwheel
Excavators and Electric Draglines
ADVANTAGES DISADVANTAGES
BUCKETWHEEL Proven technology
EXCAVATORS Selective Mining capability
No double handling of ore
t Operator can see mining face
Fairly constant power consumption
ELECTRIC No overburden transportation costs
DRAGLINES costs
Surge capacity exists
between dragline and reclaimer
Reject bands can be selectively
mined without additional costs
Total depth mining possible
No equipment required in pit
Overburden must be transported




Floor grade 1 5%
Advance stripping required
for multi-bench system
Large lumps produced for
reclaimer
Double handling of ore required






























Properties of Synthetic Crude from
Direct Coking of Oil Sands
Sam pie Source
Abasand Bitumount







Sulfur, wt T 4.0 3.9
Figure 187. Direct Coking of Oil Sands
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operating data for a number of coking runs are
shown in Table 220.
This processing technique is attractive for
several reasons. First, the process is a simple,
direct treatment of ore. Secondly, the technology is
similar to existing catalytic cracking processes, thus
indicating that the process could be reliably scaled
up. Third, the fines content of the feed offers no
particular difficulty in processing. One major
disadvantage is the large solids handling problem.
To maintain realistic operating conditions, it may be
necessary to circulate 35 pounds of sand for each
pound of raw ore processed. Due to the abrasive
nature of the sand, this presents a significant
materials handling problem. Another shortcoming is
that the reject sand is very hot and no efficient,
practical heat recovery technique has yet been
developed.
A second process which involves the direct
coking of oil sands is the Lurgi-Ruhrgas process.
This technique, illustrated in Figure 188, is very
similar to the Lurgi-Ruhrgas process proposed for
retorting of oil shale. In this process, the ore is
mixed with hot recycled sand in a screw mechanism.
The gases evolved by the decomposition reactions
are sent to a separation system where water, gas,
and bitumen products are recovered. The waste
sand is collected and some of it is recycled to a lift
pipe in which the carbon residue is burned off and
the sand is lifted to a hopper for reinjection into the
screw mechanism. Due to incomplete utilization of
residual coke, it is likely that some heavy ends from
the product oil will be required to satisfy the energy
demand of the process.
During 1976, Canada Lurgi
Ltd. attempted to
organize a consortium to construct a pilot plant to
demonstrate the applicability of Lurgi's
process on
Athabasca oil sands. Pilot plant tests had already
been conducted on some samples of California oil
sands. If the test proved successful, the next step
would be a 5,000-barrel-per-day demonstration in





Figure 188. Lurgi-Ruhrgas Process
Table 220
Direct Coking of Athabasca Oil Sand
Pilot Plant Operating Data
Abasand Run No. Bitumount Run No.
(3)Feed (D (2) (3) (4) (D (2) (4)
Composition, wt %
bitumen 17.0 16.4 16.4 16.4 13.5 13.5 14.5 15.8
water 0.3 0.3 0.5 0.3 0.35 0.5 nil 0.9
Rate
lb/hr. 83 86.4 75.5 83 107 88.6 85.4 79
lb/hr. sq. ft. 434 450 394 434 560 463 445 412




F 925 977 1022 1067 932 950 977 1022
index Temperature,F 1303 1286 1373 1436 1220 1320 1265 1400
recycle ratio lb clean sand to Coker
lb tar sand to Coker
2.9 4.4 3.8 5.0 4.4 4.7 3.9
Oil Product
Yield, Vol. % 84.0 83.5 75.0 73.5 85.7 86.5 86.0 82.5
Data: Reference 22
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Recent studies dealing with the direct coking of
Alberta oil sands have been conducted by Shell
Canada, Ltd. in cooperation with the University of
Alberta. Recently published results
1*66
demon
strated that direct coking could be a viable extrac
tion process, but much more research must be
conducted before the process can be scaled up to a
demonstration or commercial scale. The Shell
studies showed that direct coking, under the labora
tory conditions used, resulted in almost the same net
hydrocarbon efficiency as conventional hot water
recovery processing, but the direct coking process
offered greater availability of high-quality by
product heat. The tests showed that for the direct
coking case, energy efficiency could be substantially
improved by recycling some process streams to
maximize heat recovery.
Solvent Extraction
Solvent extraction processes are essentially
washing operations. The raw oil sands feed is
contacted with a stream of solvent which dissolves
the bitumen and the solvent-bitumen solution is
flushed from the sand tailings. The solution is then
treated to separate the bitumen and produce a clear
solvent stream which can then be recycled to the
process to dissolve additional bitumen.
Many processes have been patented to perform
this operation. Technically, these processes are
usually quite feasible; however, in practice they
suffer from some major inherent disadvantages.
Stripping the solvent from the bitumen-solvent
solution is a straightforward process, but a signifi
cant amount of energy may be involved in this
operation. The step of solvent recovery from the
solids holds the key to the economic success of a
solvent extraction process. Once the bitumen is
dissolved and washed from the sand matrix, the
interstitial volume is filled with solvent, and the
value of this solvent is usually much greater than
that of the bitumen which originally occupied the
volume. To prevent a simple trade of valuable
solvent for inexpensive bitumen, as much as possible
of this solvent residue must be recovered. In most
processes, the residual solvent, usually a volatile
hydrocarbon solvent, is driven off by the application
of heat. In heating up the solvent, the waste sand is
also heated, and, therefore, much of this energy
must be lost when the sand is discarded. Regardless
of the solvent recovery process used, some solvent
will be lost; and a fresh makeup stream will have to
compensate for the loss. Considering the value of
raw bitumen relative to that of a high quality
hydrocarbon solvent, it is obvious that the solvent
loss must be extremely small if the overall process
is to be economically viable.
One solvent extraction process for which con
siderable data exist is the process developed by
Cities Service Athabasca Ltd.
1*23
The work was
conducted on a laboratory scale during 1959-1961.
The process is shown schematically in Figure
189.
301*
Although the solvent was not identified, it
presumably was a light hydrocarbon.
Fresh oil sands ore is mixed with recycle solvent
in the first vessel. The recycle solvent normally
includes some bitumen, water, and some mineral.
The ratio of solvent to incoming bitumen is adjusted
to approximately 0.5 by volume. The total mineral
content of the mixer effluent is about 55 percent.
After mixing for about five minutes at 100F, the
effluent is transferred to a three-stage countercur
rent wash. Settling and draining time is about 30
minutes for each stage.
Rather than using conventional mixer-settler
equipment after the extraction step, the process
employs a bed of sand through which the extract is
drained until the interstitial pore volume of the bed
is emptied. Presumably, this method minimizes the
loss of solvent physically entrained on the sand.
During typical runs, draining rates were approxi
mately ten gallons per minute per square foot and
were dependent on extract viscosity, sand bed depth,
and applied pressure differential. The maximum dif
ferential used was 15 inches of mercury. Reported
ly, the bed blinded irregularly, causing the drainage
rates to be essentially zero which, in turn, caused
that extraction stage in which the condition occur
red to be totally ineffective.
The stripping of the solvent from the bitumen is
a straightforward operation but the recovery of
solvent from the solids is a more difficult and
critical step. Table 221 shows a calculated material
balance for the process. According to theory, 93
percent of the feed bitumen is recovered. Solvent
loss is approximately 1.0 percent of circulation, but
3.2 pounds of solvent are circulated for each pound
of bitumen recovered. Assuming solvent stripping
from the solids, the solvent recovery is 89.3 percent.
On the other hand, if no solvent is removed from the
solids, bitumen recovery decreases from 93 to 90
percent and solvent losses increase from 1.0 to 18

























Calculated Material Balance In Anydrous
Recovery Process
Basis: 1 bbl recovered bitumen
Component, lb
Stream Bitumen Solvent Mineral Water Total
Mixer step
oil sand 380.0 2639.4 234.3 3254.5
recycle solvent 761.5 860.5 29.3 18.3 1669.6
Drain step
makeup solvent 10.3 10.3
solvent recovered
from product 266.7 266.7
from sand 11.4 192.3 204.5
feed from mixer 1142.3 860.5 2660.1 250.7 4924.1
product 1115.6 1127.2 41.8 26.2 2310.2
solids-to-solvent
recovery 38.1 202.6 2627.0 227.1 3094.8
Solvent recovery step
from product
feed to stripper 354.1 266.7 12.5 7.9 641.3
bitumen 354.1 12.5 7.9 374.5
from solids
steam 119.1 149.1
solids to waste 26.7 10.3 2626.9 375.5 3039.4
With sol vent Withoijt solvent
Recoveries and losses recovery from solids recovery from solids
Solvent loss, % of circulation 1.0 18.0
Bitumen recovery, % of feed bitumeri 93.0 90.0
Bitumen recovery, equivalent to
100% solvent recovery, % 89.3 19.0
recovery, corrected to 100 percent solvent recovery,
is only 19 percent, an intolerably large loss.
On a small pilot scale, solvent extraction pro
cesses have been applied to U.S. oil sands. In the
early 1970's, a company known as Major Oil Com
pany operated a small extraction facility in
Utah.1*01*
The process, described in U.S. Patent No.
3,605,975, used a large tank (8-10 feet long) which
was subdivided into cells. Oil sands feed, mixed with
a diluent such as kerosene, passed through these
cells, the bitumen rising to the top and the sand
sinking to the bottom. The bitumen overflowed into
launders and the sand was raked to one end where it
was augered out of the vessel. No information was
provided regarding the operability of the process,
nor any data supplied regarding the solvent (diluent)
loss in the waste sand.
A small pilot plant was also or.
"*0!
derated by Arizona
Fuels, Inc. in the early 1970's.
4U5
This process used
a combination hot water/solvent approach, contact
ing the raw ore countercurrently in a tall tower. No
operating details regarding this process are yet
publically available.
Cold Water Extraction
Intuitively, a cold water extraction process
would seem to be a highly desirable method of
separation. Water is a readily available, relatively
inexpensive separation fluid, and the absence of
large heat requirements would significantly reduce
energy demands. Two cold water processes have






1949-1950 by the Mines Branch of the Canadian
Department of Mines and Technical Surveys. This
process used a combination of cold water and
solvent. A schematic of the Mines Branch process is
shown in Figure 190.
The first process step is called disintegration and
is conducted in a pebble mill. In this vessel, the ore
is broken up, mixed with water, diluent, and re
agents. The diluent, kerosene, is added in a weight
ratio of 1:1 to the bitumen in the feed. Water is
added in a weight ratio 2 or 3:1 relative to the
weight of feed ore. The pH of the process is
controlled by the addition of reagents such as soda



























Figure 190. Cold Water Bitumen Recovery
Process
9.0 to 9.5 . Wetting agents are also added in this
stage.
The pebble mill effluent is then mixed with
additional water and transported to an agitator,
wherein the bitumen is separated from the sand by
shearing action. Upon leaving the agitator vessel,
the sand and separated bitumen are sent to a rake
classifier where the the sand is separated from the
rest of the mixture.
The overflow from the classifier is then sent to a
thickener where the oil product is concentrated.
The classifier underflow is also sent to a thickener
where additional oil is separated from the water and
fine solids. The oil is recycled to the other
thickener for recovery, while the underflow is
discarded. The oil product from this process is
bitumen/kerosene 73 percent, minerals 2 percent,
and water 25 percent.
Another cold water process, known as the sand
reduction process, was developed by Imperial Oil
Enterprises Ltd.
3 6
A schematic of this process is
shown in Figure 191. The three primary steps of this
process are roughly analogous to the four steps in
the Mines Branch process just described. In the first
step, oil sands feed is mixed with water at
70
F in a
screw conveyor. From 0.75 to 3.0 tons of water are
added for each ton of ore processed. The pulp from
the conveyor is discharged into a rotary drum screen
submerged in a water-filled settling vessel. The
bitumen tends to agglomerate and settle onto the
20-mesh screen, is transported to the bottom of the
vessel, and is withdrawn as the oil product. The
sand grains, on the other hand, pass through the
20-
mesh screen, are collected in the bottom of the
vessel, and are withdrawn as a waste stream.
The process is called sand reduction because its
primary objective
is to reduce the amount of
mineral matter in the oil product to a level such
that fluid coking may be effectively used to upgrade





Figure 191. Sand Reduction Process
percent oil, 27 percent mineral matter, and 15
percent water.
While waste sand and oil product are being
withdrawn from the screening vessel, a third stream,
composed of water, suspended mineral matter, and
some bitumen, is withdrawn and sent to a clarifier.
Oil is skimmed from the surface of this vessel and
the water/fines mixture is returned to the screw
conveyor.
A process called spherical agglomeration has
been investigated by the National Research Council
of Ottawa.
35S
This process, which has been briefly
applied to oil
sands,356
is similar to the sand
reduction process previously discussed. Spherical
agglomeration is a combination of a chemical and




liquid, which is insoluble in the suspending medium
and which wets the solid surface, is added to the
suspension with agitation. As the solid particles
collide with one another, the bridging liquid forms
surface tension bonds which cause the particles to
agglomerate into dense spheres. These spheres are
then separated and removed from the solution.
When this theory was applied to oil
sands,356
the
bitumen was considered the suspending medium and
sand the dispersed solids. Water was added as the
bridging liquid and the mixture was ball milled. The
surprising result was that the sand became water
wet and did not agglomerate. Rather, the bitumen
formed dense agglomerates of 75-87 weight percent




between the Mines Branch process and either the
sand reduction or spherical agglomeration process is
in the mineral and water content of the oil product.
While the latter two processes have as their objec
tive the production of a feed suitable for fluid
coking processes, the Mines Branch process is
designed to reduce both mineral and water contents
(principally mineral) with a view to some alternative
form of bitumen upgrading.
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Hot Water Extraction
The hot water extraction process is, and probably
will remain, closely linked with the name of Dr. Karl
A. Clark, who first described the process in 1923. 337
The thermodynamics of the process have since been
described by
Bowman.319





and Great Canadian Oil Sands,
Ltd.311*
have a great
deal in common. The fundamentals of the hot water



















Figure 192. Hot Water Bitumen Recovery
Process
In the conditioning step, the raw oil sands are
mixed, or pulped, with water to form a mixture of
60-85 percent solids at a temperature of 180-220F.
As the cold oil sands are heated, lumps are reduced
in size by ablation. Successive layers of each oil
sand lump become warmed and slough off, thus
exposing the cooler inner layers. The pulp thus
formed is mechanically mixed, reacted with chemi
cals to control the pH between 8.0 and 8.5, and
heated to 180F. For pH control, any of the
monovalent bases may be used, but polyvalent
cations must be excluded from the process because
they tend to flocculate the clay minerals, thus
altering the viscosity of the middlings in the
separation cell. The relationships among clay con
centration, flocculating ion concentration, and mid
dlings viscosity have been described by
Malmberg.31* x
Much research has been conducted on the effect
of high shear
mixing,339
water content of the pulp,
and reaction of caustic soda or other conditioning
reagents with the oil
sands.319 > 3"* It has been
shown that all of these reactions are relatively rapid
compared to the rate of feed lump alkalation.
3 1 *
Thus, from the point of view of equipment scaleup,
conditioning can be regarded essentially as a heat
transfer process.
After leaving the conditioning drum, the effluent
is screened to remove tramp material or oil sand
lumps which were not sufficiently reduced in size in
the conditioning step. The screened pulp
is then
mixed with additional water to adjust the con
sistency for pumping and sent to the
separation cell.
The separation of bitumen from the sand grains
is accomplished by a froth flotation process. The
separation cell, in effect, operates as a settling
vessel in which sand settles downward to be removed
from the cell and bitumen floats upward to be
removed from the surface as a froth product.
A third stream removed from the separation cell
is the middlings stream, containing mostly water,
but with some suspended fine mineral and bitumen
particles. A portion of this stream may be returned
for mixing with the conditioning drum effluent to
dilute the separation cell feed properly for pumping.
The remainder of the stream is called the drag
stream and is further treated in the scavenging
section to recover additional bitumen product. The
amount of material withdrawn through the drag
stream is a critical operating parameter, because if
too much of the middlings is recycled the fines tend
to buildup and will eventually stop all settling in the
separation cell. The drag stream thus purges the
process of these fines.
Because the separation cell is such a critical part
of the entire recovery operation, and because this
piece of equipment is peculiar only to the oil sands
industry, Great Canadian Oil Sands, Ltd. has expend
ed a great amount of effort to maximize the
efficiency of the unit. In brief, however, the
separation cell is simply an open, straight-sided
vessel with a cone-shaped bottom. Pulp enters the
cell near the center and is distributed by baffle
plates. Mechanical rakes on the bottom of the
vessel move the sand toward the center for dis
charge. Wiper arms rotating on the surface push the
bitumen froth to the outside of the separation cell.
The froth then overflows into launders for collec
tion. Although the actual separation cells in use by
GCOS may differ from this design, Figure 193 shows
a separation cell patented by GCOS in 1974.
The third step in the hot water process is
scavenging. Depending on the size of the drag
stream and its composition, enough bitumen leaves
the separation process in this stream to make
another recovery step worthwhile. Scavenging is
accomplished by froth flotation using air. The
scavenger froth is then combined with that from the
separation cell to be further treated and upgraded.
Tailings from the scavenger cell are combined with
the separation cell tailings and are sent to disposal.
A material balance for the hot water process is
shown in Table 222.
A variety of modifications have been made to
the basic hot water extraction
process,1*06 ,HQ1 ,Ha
and while the mechanics of the process or the design
of the extraction equipment may vary from that




















Figure 193. GCOS Separation Cell
Table 222
Calculated Material Balance for Hot Water Bitumen Extraction Process











Bitumen 260 2.6 211.2 23.1 23.1
Mineral 1660 16.6 38.8 1360.0 244.6
Water 80 1000 0.8 181.0 456.9 441.3
Total 2000 1000 20.0 431.0 1840.0 709.0
most all hot water extraction processes. One hot
water process was tested on a laboratory scale by
the U.S. Bureau of
Mines371*
but this process
involved the addition of a solvent. A
33
API fuel
oil with 20-25 volume percent aromatics was added
as a solvent in a 1:3 weight ratio based on feed
bitumen. The process was tested in the early 1950's
on several samples of U.S. oil sands.
Using the USBM process, the froth recovered
from Edna, California oil sands was 73 weight
percent bitumen, 6 percent mineral, and 21 percent
water. Using oil sands from the Asphalt Ridge
(Utah) deposit, having 8.7-13.9 weight percent bitu
men and 2 percent fines, a bitumen recovery of 96
percent was achieved. Using crushed
"sand"
from
the Sunnyside deposit, recovery was 90 percent, but
water consumption increased due to a large amount
of fine material. When testing the Edna, California
samples, it was found that the hot water process was
not directly applicable due to the presence of iron
and calcium salts. The presence of polyvalent
cations tended to form gelatinous slime,. thus pre
venting proper froth flotation. When the ore was
first washed with hot water to remove the polyva
lent cations, the hot water process could be success
fully applied.
UPGRADING
Most of the extraction processes previously
discussed yield a hydrocarbon product composed
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primarily of viscous bitumen, perhaps combined with
some light hydrocarbon solvent and residual mineral
matter. To convert this product to a more con
ventional refinery feedstock, it must be upgraded
using a variety of relatively conventional refining
processes. The first step in the upgrading operation
is the cleaning of the froth product from those
processes which yield that type of material. Several
types of froth cleanup processes have been described
in the literature, but no detailed data have yet been
published.
One process, and that used by Great Canadian
Oil Sands, Ltd. and Syncrude Canada, Ltd., is called




hot water process is first mixed with a hydrocarbon
diluent, such as coker naphtha, for viscosity reduc
tion. The mixture is then treated in a two-stage
centrifuge operation; each stage consisting of multi
ple centrifuges of conventional design installed in
parallel. Cities Service Athabasca proposed a two-
stage froth cleanup process. The bitumen froth
product contains one to two weight percent mineral
on a dry basis and five to fifteen weight percent
water (wet diluted basis). The bulk of the mineral
matter is removed in the first stage by a water
wash, and the second stage is thermal dehydration.
A partial coking or thermal deasphalting process
has been proposed by Pasternack
3 "* 2
to provide
minimal bitumen upgrading. The process removes
the mineral matter and water from the froth and
yields a bitumen product which still contains most of
the asphaltenes and Ramsbottom carbon
content.30"*
The partial coking operation involves slowly heating
the froth (50F temperature rise per hour) thus
thermally cracking the bitumen and producing coke
on the entrained mineral particles. In the process of
forming one to four weight percent coke, up to 50
volume percent of the feed is recovered as distil
late. Following this operation, the residue can be
filtered to remove the ash, thus producing a product
suitable for metallurgical coke and the production of
bituminous paints.
Following the froth cleanup process, the viscous
bitumen is ready to be further refined or upgraded
to a valuable synthetic crude oil. The first step in
the upgrading is the conversion of the bitumen to a
-
1000F distillate. The second step is the
hydro-
treating of this distillate to yield a product in the
proper boiling range with acceptably low contents of
sulfur and nitrogen. The most commonly used
method of generating distillate is coking, a thermal
process through which lighter components of the
bitumen are driven off, and lower boiling
constitu-
tents are partially cracked to yield lighter materi
als.
Coking operations can generally be divided into
two categories: delayed and fluid. In the first type
of process, the feedstock is injected directly into a
hot vessel and the polymerized product is simply
allowed to build up. As the vessel fills with coke to
a given limit, the feed stream is diverted to a
second drum and the first vessel is hydraulically
cleaned. This process, as used by Great Canadian
Oil Sands, Ltd., yields a coke product in chunks
ranging in size up to 12 inches in diameter. Coke
yields which may be expected from Athabasca
bitumen are shown in Figure
194.326
Tables 223 and
224 show the compositions of the products
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Figure 194. Yields and Gravities of Various Coke
Distillates Produced from Bitumen
The second type of coking operation is fluid
coking. The most widely known process of this type
is patented and licensed by Exxon Research. In this
operation, the bitumen is charged to a reactor vessel
in which hot coke particles are suspended in a
fluidized bed. The bitumen feed coats the surface
of the particles, vaporizes to yield distillate oil, and
produces a layer of coke residue on the surface of
the particle. The resultant coke is steam stripped in
the reactor vessel and then discharged to a burner
unit where it is partially burned in the presence of
water to yield carbon monoxide, product coke, and
hot coke for recycle to the reactor vessel. A
flowsheet of the fluid coking process is shown in
Figure 195. Tests performed on bitumen from
Canadian oil sands show that approximately ten
weight percent of the bitumen feed is converted to
coke.
The coke product from the fluid coking process
may either be used as an on-site fuel or further
treated to produce additional light end products.
The Exxon
"Flexicoking"
process combines the fluid
coking operation with an integral gasification unit.
The basic fluid coking process is scheduled for use at
the Syncrude plant in Alberta and the Flexicoking
process is suggested for use by the Home Oil
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Table 223
Product Yield From The Delayed Coking of Bitumen
Scale of Operation












15.4 12.1 12.7 10.9
kerosene 10.1 15.0 22.6
gas oil 55.0 41.4 36.2 36.5
fuel oil 4.2 6.0 --
coke 21.0 22.7 22.2 23.2
unaccounted 0.4 1.3





















Reference (24) (41) (23) (64)
- C. and lighter C
L5
and heavier.
Note: All yields based on whole bitumen. Feed is whole bitumen except
Syncrude data which refer to topped bitumen feed.
Table 224
Product Inspections of
Delayed Coking of Bitumen
Scale of Operation
Pilot Plant Commercial Desi gn Basis Pilot Plant (Syncrude)
Inspection Gasoline Gas Oil Naphtha Kerosene Gas Oil Naphtha Kerosene Gas Oil
Wt. % of Coker di still ate 19.5 69.6 16.5 13.7 51.8 10.9 22.6 36.5
Gravity, "API 51.9 16.6 46.8 32.9 18.3 55.8 27.3 15.7
Sulfur, wt. % 1.86 4.04 2.2 2.7 3.8 1.85 2.7 3.7
Bromine no. 80 47 61 36 20 70 14 12
Nitrogen, total, ppm 150 400 2000 120 510 2980
FIA, vol. %
aromatics 19 39.2 62.1
olefins 32 14.4 2.0
paraffins and naphthenes 49 46.4 35.9
Distillation
temperature, F
ibp 126 443 180 380 515 180 380 650
5% 165 466 202 396 530
10% 186 486 220 409 550
30* 232 550 268 428 600
50% 275 621 295 441 645
70% 315 600 314 458 697
90% 358 715 347 477 780
95% 360 490 807
end pt 400 760+ 400 535 850 380 650 925
recovery, % 98.5 97.5
Viscosity, 100 F , SSU 70.8
Reference 24 24 41 41 41 64 64 64
Note: All yields based on whole bitumen. Feed is whole bitumen except Syncrude





























Figure 196. Flexicoking Process
Company at their proposed facility. A flowsheet of
the complete Flexicoking process is shown in Fig
ure 196.
Another process which may be used to partially
upgrade bitumen is visbreaking. This is a relatively
mild conversion process in which feed is heated for a
short time and then quenched. This process breaks
the heavy long-chain molecules into shorter chains
to produce a lighter material having a lower
viscosity and pour point. Visbreaking may be
strictly thermal or may involve the use of a
catalyst. A modification to the process, in which
the visbreaking occurs in the presence of hydrogen,
is known as hydrovisbreaking. The presence of the
hydrogen serves to saturate the broken chains, and
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provides for some degree of desulfurization due to
the reaction between the hydrogen and sulfur which
yields hydrogen sulfide gas.
Tables 225 through 228 show the yields and
properties of product generated by thermal vis
breaking and catalytic hydrovisbreaking operations
using Athabasca bitumen as the feedstock. Tables
227 and 228 compare the products from two differ
ent upgrading process. The H-Oil process is a




features liquid phase reaction in a fluidized, or
ebullated, bed of catalyst. The other data provided
on Tables 227 and 228 deal with results from fixed-
bed studies conducted by the Mines Branch of the
Canadian Department of Mines and Technical Sur
veys. This study involved a fixed-bed, liquid phase,
continuous upflow reactor using a cobalt
molyb-
date/alumina catalyst.
Depending on a variety of factors, the distillate
product from either coking or visbreaking
operations
may be of adequate quality and possess the
appro
priate properties to make it a marketable and
transportable product. On the other hand, it may be
advantegeous to further upgrade the distillate in
order to make a premium quality synthetic crude
oil.
Due to the conditions which exist regarding the
Canadian extraction facilities, all of the existing
and proposed plants employ coking operations fol
lowed by upgrading of the coker distillate. Accord
ing to
Camp,30"*
because the sulfur is so well
distributed throughout the boiling range of the
distillate, catalytic hydrodesulfurization is the only
process which is seriously considered.
The Mines Branch of the Canadian government
has maintained a continuing research program deal
ing with the hydrotreating of coker dis
tillate.
31,'t ' 327
The feed for the tests was coker
Table 225
Thermal Visbreaking of BitumenProduct Yields
Mines Branch-
Product Yields,


























- gas 1 3 3 1 <1W 3.,2W 5.5W 1W 2W
C5
- 400 F 3 7 9 4 15.5 15.0 23.8
400-650 F 22 21 25 21 32.9 31.7 36.0
650-1000 'F 32 35 32 40 34.6 37.3 29.2
1000 + resid. 42 34 30 34 31 24 15.0 38 27 16.0 11.0
Wt. % Conversion
(1000 F)
24 39 46 39 33 46 67 46 60 63 75
Temperature, C 380 410 430 390 430 430 440
Pressure, psig 1000 1000 1000 1000 1000 1000 1000
LHSV 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1/ Data Source : (366)












































Catalytic Hydrovisbreaking of Bitumen
Product Yields
Product Yield, Vol. % H-Oil Mines Branch
C5
- 380 F 16 18.6 21 10 6
380-650 F 43 45 46.8 38 20
650-975 F 26.3 26 25.8 38 43
975 f + 16 11.3 7.5 24 28
Vol . % Conversion
(975 F)
68 77.5 85 48 39









































distillate produced from Athabasca oil sands by the
cold water process. The distillate was a black oil
containing 3.5 weight percent sulfur and having a
gravity of 19.7 "API. Catalysts used were cobalt
molybdate on alumina supplied by Union Oil Com
pany of California. Figure 197, from
Camp,301*
shows the effects of operating temperature on sulfur
removal. The effects of temperature and pressure
on sulfur removal are shown in Figure 198. In
Figure 199, both sulfur removal and hydrogen con
sumption are related to specific gravity reduction.
While the above discussion has concerned the
hydrotreating of distillate produced by the coking of
bitumen, it should be noted that some research has
also been conducted on the direct hydrogenation of
bitumen. Using the same equipment as for the
distillate studies, the Mines Branch also investigated
bitumen hydrogenation. The feed used in the tests
was both raw bitumen from the Abasand cold water
process and a blend of bitumen and distillate from
the Bitumount pilot plant. A top-feed trickle bed






























































SYMBOL 0 X a A
TEMPERATURE F 790 797 842 896
LIQ. HR. SPACE VELOCITY V/VHR -1.85 2.0 2.0 2.0
CATALYST (UNION OIL CO.
CO,MO/AI2O3) N N-5 N-5 N-5
REFERENCE 42 25 25 25




Figure 198. Catalytic Hydrodesulfurization - Pressure Effect
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Specifie Gravity (60/60F) of Feed Less
Specific Gravity of Product
Figure 199. Catalytic Hydrotreating of Coker Distillate
It was found that while desulfurization levels
equivalent with those using distillate could be
achieved, the operating conditions had to be
much
more severe. Furthermore, significantly more hy
drogen was consumed than with distillate treat
30k
In Situ
Surface mining techniques are applicable only in
instances where overburden is thin and the oil sands
zone is relatively thick. Of all the oil sands deposits
of the world, only about ten percent meet these
criteria, and thus to exploit the remaining 90
percent, some other recovery technique must be
employed. One such alternative to surface mining is
to process the oil sands entirely underground, re
covering only the valuable bitumen and leaving the
sand matrix in place. This so-called "in
situ" (in-
place) processing has received much attention over
the years and continues to be a prime area of
research.
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In situ recovery processes are in many ways
similar to secondary and tertiary recovery methods
used in conventional oil reservoirs. These methods
are employed in depleted oil reservoirs to:
Establish fluid drive lost during primary
recovery by gas or liquid injection
Displace residual oil held by capillary
action by injecting oil-immiscible fluids
Lower residual oil viscosity by increasing
reservoir temperature, thermal cracking,
diluting with lower viscosity fluid, and low
viscosity solvent extraction





API. This low gravity
effectively distinguishes oil sands from low gravity
crude oil with 18-20 "API gravity on the lower end.
There are, of course, occurrence of heavy hydro
carbons between 12 and
18
API, but these generally
represent the exception.
The low gravity of oil sand bitumen with its
resultant high viscosity poses a difficult problem for
conventional secondary recovery methods. The high
viscosity bitumen reacts plastically when subjected
to force, thus requiring extreme displacement pres
sures to initiate flow. For this reason, it has been a
primary objective of in situ recovery methods not
only to provide reservoir type drive but also to lower
the viscosity of the contained bitumen.
Raising the temperature of the bitumen lowers
the viscosity appreciably. The viscosity may also be
lowered by dilution with a lower viscosity fluid or by
application of a solvent, but these methods as
related to in situ production of bitumen are invaribly
accompanied by some type of thermal stimulation.
Following are discussions of the in situ processes
which have been the most thoroughly investigated
and evaluated.
STEAM-HOT WATER
There were 23 wells in the Imperial project
which began production in 1972. The project used a
five-spot well pattern. Another pilot project, began
in 1973, consists of 70 wells drilled in a seven-spot
pattern. This project involves the injection of
600F, 1,600 psi steam into the oil sands zone
through eight pads of injection and production wells.
The center injection well is drilled vertically and the
surrounding six wells are drilled directionally to
yield 600-foot spacing in the producing formation.
In addition to the steam, some quantity of natural
gas is also injected.
^ 9
According to Imperial, the
natural gas does enhance recovery, but at this time
there is no accepted explanation for this behavior.
The 80 percent quality steam is produced in a
20,000-barrel-per-day capacity water treatment
plant, which in turn acquires feed water directly
from Ethel Lake.
Given a formation with communication estab
lished between adjacent wells, a steam flood process
may be used in which steam is injected at one well
site, forcing bitumen ahead of it toward a produc
tion well. This type of process has been studied
extensively by Shell Canada at their Peace River
test site. Rather than using the huff-and-puff
technique to achieve communication between wells,
however, Shell used a steam soak process, in which
steam was constantly injected until break
through.1* 1
In the Shell tests, breakthrough occur
red approximately two years after injection began.
While maintaining steam injection, backpressure was
increased over a six-month period until the desired
pressure of about 1,000 psi was obtained. The steam
pressure was then maintained for about one and one-
half years until the entire zone was heated. The
pressure was then lowered to about 250-500 psi for
the production period of about one and one-half
years. It is emphasized by Shell that this process
was developed for use specifically in the geology in
the Peace River deposit and it would have to be
radically changed if different geological conditions
were encountered.
Imperial Oil Limited has been conducting in situ
experiments in the Cold Lake oil sands deposit in
Alberta since 1964. Winestock
"* 1 2
described the
experiments conducted by Imperial which have
included steam flooding, cyclic steam injection (huff
and puff), gas injection and in situ combustion. The
results of these experiments have convinced Im
perial that "huff and
puff"
techniques have the
greatest potential for the Cold Lake deposit.
The huff-and-puff technique involves the peri
odic injection of steam into the oil sands strata
followed by production of oil from the same well.
As the steam is injected it lowers the viscosity of
the bitumen around the well, thereby increasing the
permeability. This increased permeability then
allows the less viscous bitumen to be produced from
the well. Continued injection cycles expand the
"halo"
of permeability around the well until the
halos of adjacent wells overlap and a conventional
steam flood technique may be used.
During the 1960's, Great Plains Development
Company (now a part of Norcen Resources, Ltd.)
conducted steam injection-production tests in the
Cold Lake oil sands. These tests, although not
believed to be as extensive as those of Imperial Oil,
have been described by Samoil
'* * l
in terms of a
specific field program conducted in 1965.
The tests conducted by Great Plains may be
thought of as a one cycle "huff and puff" consisting
of one steam injection phase and one producing
phase conducted from a single hole. The oil sands
were of the Cummings zone in the Middle Mannville
at a depth of 1,350 feet. The thickness of saturated
sand reached a maximum of 100 feet. Average
porosity was 36 percent with the pore volume being
65 percent saturated with bitumen. The bitumen
had an API gravity of 10 to 11 and a viscosity at
55F of over 100,000 centipoise. Steam for injec
tion was produced by a 22 MM Btu/hour steam
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generator capable of injecting 18.5 MM Btu/hr at
1500 psig and 597F at 80 percent steam quality.
Injection was initiated by circulating hot water
and progressively increasing the steam quality.
Steam was injected for six days during which 8,400
barrels of water (as steam) were injected into the
well. Average injection rate was 1,400 barrels of
water (as steam) per day. Following the injection
phase, the well was shut in for 16 hours at a
wellhead pressure of 360 psi and 100F.
Production testing followed the 16-hour shut-in
by allowing the well to back-flow through an
adjustable choke for a period of about five hours at
which time the wellhead pressure had declined to
zero. A down-hole pump was installed and the well
pumped for a period of 47 days. A total of 2,087
barrels of water and 578 barrels of bitumen were
produced from the well. The gravity of the bitumen
was
10.5
API. The rate of production averaged 12
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TIME .HOURS
Figure 200. Oxygen Consumption Versus
Time
Tests using steam displacement, steam stimula
tion, and hot water injection methods were conduc
ted by BPOG Operations (British Petroleum) in the
Cold Lake deposit of Alberta. The tests yielded
about 44,000 barrels of bitumen, but this required a
water injection rate of 9.4 barrels per barrel of
bitumen produced.
STEAM AND OXYGEN/AIR
Imperial Oil Company, as well as other investiga
tors, have also injected oxygen into the oil sands
along with steam, causing oxidation of the bitumen
with a resultant incremental increase in tempera
ture. Imperial does not favor the oxidation method
of raising the bitumen temperature, however, be
cause of severe corrosion to equipment.
1*12
United States Patent 3,680,634
" 1 3
describes a
form of the steam and oxygen/air method of in situ
bitumen recovery. According to the patent,
auto-
ignition (oxidation of bitumen being an exothermic
reaction) can be hastened with the addition of water
(liquid or steam) to the oxygen injection stream.
The diffusion of oxygen through water is 100 times
higher than oxygen through bitumen. This means
that a water-wet sand (water occupying 10-80
percent of pore volume) will consume more oxygen
in a shorter period of time than dry or oil-water wet
sand, thus resulting in a greatly reduced time for
auto-ignition. According to the patent, tempera
tures of nearly 500F have been achieved in
laboratory tests. Extrapolation of the laboratory
results to field conditions suggests that Asphalt
Ridge (Utah) oil sand may undergo auto-ignition
when water or steam is injected, to raise the water
saturation to twenty percent. A temperature of
500F within a 50-foot radius of the injection well
will be reached in slightly over 134 days. Figures
200 and 201 show cumulative oxygen consumption
with respect to time and also maximum
tempera-
20 % WATER




Figure 201. Maximum Temperatures at
Distance from Boreholes
tures reached at specified times with respect to
lateral distance from a bore hole for dry and water
wet oil sands.
STEAM AND BITUMEN-IMMISCIBLE FLUID
Doscher1*11*
described in situ field experiments
conducted by Shell Canada, Ltd. in the Athabasca
oil sands between 1957 and 1962. Between 1960 and
1962 Shell conducted a field test on a process
involving the injection of high pressure steam and a
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bitumen immiscible fluid, specifically sodium hy
droxide in water. Shell's field test was conducted on
an inverted five-spot pattern. The center well was
the injection well and each of the corner wells in the
pattern was a producing well. An emulsion process
was apparently selected since a bitumen emulsion
(bitumen in water (. 20- 30%) has a viscosity
approaching that of water. The high pressure steam
(1200 psi) aids the emulsion process and would also
provide sufficient drive.
Shell's field experiments demonstrated that hori
zontal fractures could be induced in the MeMurray
formation, thus creating communication between
the injection well and the production well. Once
flow is established the emulsifying fluid can be
injected into the formation. Figure 202 schemati
cally depicts the process.
Shell has reported that, in a commercial applica
tion, as much as 70 percent of the in place bitumen
would be displaced. However, the volume of oil sand
contacted by the fluid was thought to be from 70
percent to 100 percent of the bitumen in place.
From previously published
data,301*'329 it can be
estimated that during Shell's in situ field test the
ratio of the barrels of water (as steam) injected to
the barrels of bitumen recovered was nearly 4 to 1
at the reported maximum temperature of 275F.
Shell believes that a commercial operation would be
conducted at a maximum temperature of 350F and
that the ratio of barrels of injected water (as steam)
to barrels of bitumen would be less than 3 to 1.
Shell suggests a well spacing of four acres per
producing well with each producing well being
surrounded by four injection wells.
Camp30"*
explains the importance of the ratio in
the volume of injected steam to the volume of
product bitumen by comparing the latent heat of
vaporization of injected steam to the net heating
value of the product bitumen. It can be shown that
one barrel of steam (as water) represents a latent
heat of vaporization of approximately 350,000 Btu's
and further that one barrel of bitumen has a heating
value of 6,240,000 Btu's. Considering the energy
balance (at 100 percent efficiency of bitumen
energy use), the recovery of one barrel of bitumen
at the minimum water (as steam) injection ratio of 3
to 1 (as suggested by Shell as being possible) would
require 16 percent of the heating value of the
recovered bitumen for fuel.
FORWARD COMBUSTION
This process involves the actual burning of some
of the oil sands deposit to produce the remainder of
the hydrocarbon product. Figure 203 illustrates the
technique. Combustion is begun in the oil sands
zone near the injection well, and through continued
injection of air, the combustion is maintained.
Initially, bitumen will be consumed in the combus
tion process, but as the ore ahead of the combustion
zone becomes heated, the bitumen will be driven
toward the production well, leaving behind carbon
residue and heavy ends as a fuel source for the
combustion process. As the combustion front moves
through the oil sands zone, the bitumen in front of it
gets heated, driving off vapors toward the produc
tion well.
This process is highly dependent on the natural
permeability of the deposit to enable the produced
vapors to be recovered at the production well. If
the natural permeability is not adequate, it may be
necessary to fracture the zone prior to ignition.
Regardless of the source of the permeability, either
natural or induced, it is vital that it be uniform




























Figure 203. Forward Combustion Process
permeability is greater in one horizontal plane than
another, the injected air will tend to follow a path
through that zone and the combustion front will tend
to
"finger" into the region rather than progress
uniformly through the zone.
Another problem likely to be encountered in
using forward combustion in oil sands deposits is the
plugging of pores as the hydrocarbon vapors pass
through the cooler parts of the tar sands zone on the
way to the production well. Even if the initial
permeability of the zone is adequate to allow for the
flow of vapors, the condensing vapors may well plug
these pathways to the point of stopping production.
REVERSE COMBUSTION
Reverse combustion uses the same fundamental
concept as forward combustion, except that the
combustion zone progresses from the production
well to the injection well. Figure 204 illustrates this
process. Because the hydrocarbon vapors which are
produced pass through a heated area on their way to
the production well, the possibility of plugging is
minimized. Furthermore, due to the high tempera
tures which the vapors encounter on their journey to
the production well, some degree of thermal crack
ing occurs, leading to the production of an upgraded
product.
The Laramie Energy Research Center (LERC), at
one time associated with the U.S. Bureau of Mines
and now a part of the U.S. Department of Energy,
began conducting bench-scale reverse combustion
tests on oil sands in 1971. Data from these tests





bench-scale tests were conducted in a vessel four
feet long and four inches in diameter. Figure 205
illustrates the experimental apparatus. To create an
adiabatic condition, guard heaters and thermo
couples were placed on the vessel every three
inches. Oil sands samples from both the P. R. Spring
and Asphalt Ridge deposits were tested in the
equipment. Table 229 shows the properties of the
samples tested and Table 230 summarizes the results
obtained. Based on these data, the following
conclusions were reached by Land:
Maximum temperatures and front veloci
ties are independent of sample source, thus
suggesting that both P. R. Spring and
Asphalt Ridge oil sands have similar ther
mal properties and oxidation rates.
Oil recovery is dependent on air flux and
bitumen saturation, with maximum oil re
covery being achieved in both samples at
about 35 SCF/hr/sq. ft.
The air-oil ratio increases with decreasing
bitumen saturation and the quantity of
bitumen burned as a function of air flux is
the same for both types of samples. At
optimum air flux, ten percent of the initial
bitumen is burned.
The Laramie Energy Research Center has also
conducted two pilot tests of the reverse combustion
process in the oil sands deposits of Asphalt Ridge,
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Figure 204. Reverse Combustion Process
Product Mist




















1 P. R. Spring 131 0.616 10.4
3 P. R. Spring 53.4 0.406 10.4
4 P. R. Spring 21.1 0.462 10.4
5 Asphalt Ridge 5.0 0.460 13.3
6 Asphalt Ridge 3.6 0.449 13.3
7 Asphalt Ridge 0.36 0.400 12.2
Table 230

















1 40 825 0.204 43.5 19,450
3 30 726 0.119 40.9 18,130
4 60 901 0.158 40.5 28,470
5 50 852 0.168 49.6 13,560
6 15 590 0.081 29.2 12,740
7 20 639 0.111 29.8 12,760
the Rim Rock sandstone member of the Mesa Verde
Formation. The zone was ten feet thick and was at
a depth of approximately 300 feet.
The well pattern consisted of two rows of air
injection wells spaced 60 feet on either side of a row
of production wells. Each row contained three wells
spaced 20 feet apart. Six monitor wells were also
drilled in the pattern. Figure 206 illustrates the
well pattern. Cores from 14 wells were analyzed for
effective permeability to air, absolute permeability,
porosity, and oil saturation. The average values of
these properties are given in Table 231, after
Land."17
The first test began on November 25, 1975, and
lasted 23 days, during which time 4.7 million
standard cubic feet of gas, 65 barrels of oil, and 167
barrels of water were produced. The experiment
was terminated because the oil product congealed in
the oil and gas separator and in the production lines.
Air was injected at a rate of approximately 1.5
million standard cubic feet per day at a pressure of
425 psig. The average composition of the gas
produced during the test is shown in Table 232.
Calculations based on these data indicated that 63.9
percent of the injected oxygen was used in combus
tion, 17.3 percent was unreacted, and 18.8 percent
was fixed to the hydrocarbon molecules as a result
of partial oxidation of the bitumen.
Following termination of the first field test, a
second site was selected roughly 125 feet south of
the first area. All production lines for this test
were steam traced to eliminate the plugging prob
lems encountered during the first test. The drill
pattern was the same as for the first test except
that 13 monitor holes were also drilled. The wells
were 340 to 360 feet deep.
COMBINATION IN SITU COMBUSTION
AND FLUID INJECTION
Camp301*
has described field tests of in situ
combustion processes which culminated in the de
velopment of a process by Amoco Canada called the
COFCAW process (an acronym for Combination Of
Forward Combustion And Waterflood). In this
combination process, forward combustion is used to


















Effective Gas Permeability md.: 132
Absolute Permeability, md.: 651
Oil Saturation, % 62.0











ture of 1500F. Following this heating phase, air
and water are injected into the formation. The
water serves to dissipate the local concentrations of
heat, so that a much larger proportion of the
reservoir is uniformly heated to about 200F. At
this temperature, the bitumen becomes more mobile
and is produced under the action of the air and
water drive. The process is illustrated in Figure 207
and a temperature profile is shown in Figure 208.
The two-step COFCAW process was the subject
of field trials conducted during 1966-68 on the
Gregoire Lake Indian Reserve No. 176, some 25
miles south of Fort
MeMurray.358
A five-spot well
pattern was drilled, on a 150-foot square; four
production wells were at the corners with a central
injection well. Overburden depth in this area is
approximately 1000 feet; the sand thickness is 120
feet. To begin the combustion and heating phase,
the formation was hydraulically fractured. Ignition
was accomplished in July 1966 and forward combus
tion was continued until May 1967. At this time, the
formation had been heated at each of the four
production wells. Maximum temperature recorded
was 1500F and 65 percent of the oil had been
heated above 150F. The wells were shut in for one
month, and then production, air injection, and water
injection were commenced. Two of the four
production wells experienced mechanical difficulty;
the other two wells produced an average of 63
barrels per day each for the following 200 days.
Gas was produced from the wells in an amount





























































Figure 208. COFCAW Temperature and Saturation Profiles
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production phase. Liquid produced was a bitumen-
water emulsion of about 40 weight percent water.
The bitumen varied in density from a high of
8
API





Viscosity of the bitumen produced was much lower
than that of in-place bitumen (200 to 800 cp, 100F;
50 to 80 cp, 200F). Recovery of the in-place
bitumen was estimated at 55 percent.
The Gregoire Lake project was reactivated in
1977 as a joint venture between Amoco Canada
Petroleum, Ltd., Pacific Petroleums, Ltd., and the
Alberta Oil Sands Research and Technology Authori
ty (AOSTRA). The project, called Block One,
consists of nine 2-1/2 acre patterns, expected to
produce 1,000 barrels per day. On completion of the
joint pilot production project in 1980, a four-year
second phase may be conducted.
SOLVENT EXTRACTION
Because the bitumen contained in oil sands is
soluble in a variety of organic solvents, and because
some oil sands zones have relatively high per
meability, oil sands deposits are likely candidates
for in situ solvent extraction processes.
The most fundamental in situ solvent extraction
processes merely involve the circulation of the
solvent fluid through the impregnated zone. As
bitumen is dissolved into the solvent and subsequent
ly pumped to the surface, the permeability of the
bitumen-free sand matrix increases, thus providing
passageways through which the solvent can flow to
attack new areas of bitumen saturation. Variations
on this basic procedure may involve heating the
solvent and prefracturing the impregnated zone.
Many processes have been patented for solvent
extraction of oil sands. Two of the more interesting
of these were recently patented by Texaco. In the
first process, described in U.S. patent 3,838,738, two
wells are drilled into the base of the oil sands zone,
one serving as an injection well and the other as a
production well. Communication between wells is
then established by fracturing and this fracture path
is then injected and allowed to flow between the
wells. A solvent, perhaps carbon disulfide (CSJ, is
then injected along with the heating fluid. The
boiling point of the CS2 is less than the temperature
of the heating fluid, and thus the CS2 becomes vapor
upon entering the impregnated zone. The vapor
diffuses up into the oil sands zone, dissolving the
bitumen. Once the temperature has sufficiently
decreased, the CS2 condenses, draining back into the
stream of heating fluid, but taking with it quantities
of dissolved bitumen. Figure 209 illustrates this
Texaco technique.
Another novel process patented by Texaco is
described in U.S. Patent 3,845,820. This technique
employs both surface mining and solvent extraction
operations. Figure 210 illustrates the process.
First, the overburden layer is stripped off the oil
sands zone and the resultant pit is filled with water.
Then a solvent is injected into the oil sands zone
immediately below the water.
Carbon disulfide was suggested for this purpose
because of its non-reactivity with water and the
fact that its density is greater than that of water.
As the solvent removes the bitumen from the sand
matrix, the water from the pit above will occupy the
volume previously filled with bitumen. Succeeding
quantities of injected CS2 will then be forced to
contact lower levels of bitumen-rich sand. As the
water level of the pond drops, more water is added
to keep the cavity full. Once the bitumen is
removed, the cavity is pumped dry (except for water
remaining in the sand) and the pit is backfilled with
overburden, thus minimizing environmental damage.
NUCLEAR STIMULATION
In 1968, a group headed by the Richfield Oil
Company,331
and including Imperial Oil Limited and
Cities Service, Athabasca, proposed the test firing
of a nuclear device in the Athabasca oil sands.
Project Oil Sand was the title of their proposal to
the U.S. Atomic Energy Commission (who would
supply the nuclear device) and the Oil and Gas
Conservation Board of the Province of Alberta. The
proposal was given technical study at the time it
was made, but the Canadian government deferred
action on the proposal.
The location proposed was Pony Creek, 64 miles
south of Fort MeMurray. The plan called for a nine-
kiloton device to be exploded at a depth of 1,250
feet.331'378 A cavity some 230 feet in diameter
would be created. The resulting rubble-filled chim
ney would be re-entered by drill holes and the
fractured oil sands would be processed in situ.
More recently, Phoenix Canada Oil Company,
Ltd. submitted a request to the Alberta Oil Sands
Technology and Research Authority to provide fin
ancial support for a ten-kiloton nuclear detonation
approximately 1,200 feet underground in the Atha
basca deposit. The nuclear explosion would furnish
both the thermal and shock energy required to
convert the viscous bitumen into readily recoverable
reserves. The underground chambers which would be
formed would also facilitate secondary and tertiary
recovery by conventional steam injection or fire-
flood techniques.
COMMERCIAL VENTURES
In 1978 there were only two commercial oil sands
extraction facilities in the world, both located in the
Athabasca deposit area of Alberta, Canada. The
Great Canadian Oil Sands, Ltd. plant was construc
ted in 1965 and now produces approximately 50,000
barrels of synthetic crude oil per day. The Syncrude
Project began production in 1978 with production of
54,000 barrels per day. Ultimate production for the
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Figure 210. Strip Mining/Solvent Extraction Process Patented
by Texaco
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projects were approved by the Energy Resources
Conservation Board but Provincial approval had not
yet been granted.
Table 233 presents summary data concerning
each application which has been filed with the
Alberta ERCB for approval to build a commercial oil
sands plant. Two of the applications involved in situ
processes, but these applications were withdrawn.
The Cities Service Athabasca application 3"*6was the
first application for approval of an aboveground
mining and processing scheme. At the time of the
Cities Service Athabasca application, the Oil and
Gas Conservation Board had in effect a policy
whereby production from the oil sands was limited
to five percent of the commercial crude oil produc
tion from the Province of Alberta. Cities' applica
tion was never approved. The several applications
by Syncrude Canada, Ltd., concern just one proposed
facility.
Great Canadian Oil Sands, Ltd.
Great Canadian Oil Sands, Limited (GCOS) was
formed in 1953 from the holdings of an earlier
company, Oil Sands, Limited, which constructed and




acquired a controlling interest in Lease No. 4 (now
Lease No. 86) in the Mildred-Run Lakes area just
north of Fort MeMurray. This area was shown, by
results of a 1942-1947 drilling
program,352
to be a
prime area for development of a surface mining
operation. GCOS obtained an option on Lease 86
from Sun in 1957 and filed an
application333
for
approval to produce 31,500 barrels of oil per day.
With backing from Sun Oil Company, the application
was amended, seeking approval to produce 45,000
barrels per day. Permission was granted and
construction was started on the first commercial oil
sands plant in 1965.
Lease 86, the site on which the GCOS plant is
located, is a 3,988-acre tract containing oil sands
from which about 650 million barrels of synthetic
crude oil may be recovered. Ore containing less
than eight weight percent bitumen is considered
waste material.
The open pit mining is done with bucketwheel
excavators. The mined ore is transported to the
extraction plant on belt conveyors. The hot water
extraction process is used to separate the raw
bitumen from the sand matrix. The froth product
from the extraction process is cleaned up in a
two-
stage centrifuging operation involving a water wash
followed by thermal dehydration.
The bitumen is treated in a delayed coking unit
to yield gas, light hydrocarbons, gas oil, kerosene,
and coke. In this process, six coker drums are used,
each being 94 feet high and 26 feet in diameter.
The product coke supplies a portion of the fuel re
quirements of the steam boilers which generate
power and process steam for the plant. The gas and
light oil provide a portion of the hydrogen needed
for hydrotreating the gas oil, kerosene, and naphtha.
The hydrotreated gas oil, naphtha, and kerosene
products are combined to form the synthetic crude
product.
The synthetic crude produced by GCOS is a
light-
colored distillate material, low in sulfur, nitrogen,
salts, and metals. The syncrude has the properties
shown in Table 234. GCOS pipelines the synthetic
crude through a privately-owned 266-mile pipeline
to the Interprovincial Pipeline at Edmonton, Al
berta.
Syncrude Canada, Ltd.
Syncrude Canada, Ltd. was formed in 1964 as a
joint venture of Cities Service Athabasca (now
Canada-Cities Service, Ltd.), Imperial Oil Limited,
Richfield Oil Corporation (now Atlantic Richfield
Canada, Ltd.), and Royalite Oil Company, Ltd. (now
Gulf Oil Canada, Ltd.). The Syncrude group and its
predecessor companies have submitted applications
for approval to construct an oil sands plant and have
obtained several amendments to their applica
tions. 312'33'*'3'*6>359360,361,375,376
Atlantic Richfield Canada withdrew from the
project in December 1974 and the remaining part
ners began looking for new partners. By that time,
the estimated project cost had escalated to $2
billion, and the remaining partners stated they would
have to cancel the project unless funds were
committed by another party by January 31, 1975.
At the last minute, three Canadian governments
invested $600 million on the project. The Federal
government invested $300 million, the Ontario
Government $100 million, and the Alberta Provincial
Government $200 million. With the new participa
tion by the governments, the ownership of the
project became as shown in Table 235.
A variety of other agreements were reached in
addition to the equity participation by the govern
ments. Alberta funded both the Syncrude power
plant and the pipeline and will in turn sell power and
transport synthetic crude for the Syncrude project
at negotiated rates. Furthermore, the Province of
Alberta also holds several options regarding its
participation in the project which could be exercised
in the future to increase either its equity in the
plant and/or the income from it. Plant construction
began in 1975 and start-up is planned for mid-1978.
Initial production will be 54,000 barrels per day with
108,000 barrels per day being produced by 1980.
Ultimate production will be 129,000 barrels per day.
Electric draglines will be used in the mining
operation and the hot water process will be used for
bitumen extraction. The bitumen will be upgraded
using a fluid coking process followed by hydrodesul
furization. An overall material balance for the
Syncrude project, based on a production rate of
314
Table 233






















































































































































































































\J In association with Imperial Oil Ltd., Richfield Oil Corp. and Royalite Oil Co., Ltd.
V A hot water extraction process.
U Now Amoco Canada Ltd.
V A subsidiary of Sun Oil Company Ltd.
V Allowable production increased as approved by ERCB in 1973.
V Actual costs.
V Consortium of Atlantic Richfield Canada, Ltd. (30%), Canada-Cities Service Ltd. (30%), Gulf Oil Canada Ltd. (10%) and Imperial Oil Ltd. (30%).
V 50,000 BPCD syncrude, 25,000 BPCD low sulfur fuel oil, and 5,000 BPCD naphtha.
V Excludes pipeline and power plant.
]^J When application filed, consortium was as shown in (') above. Participation changed in 1975 to Imperial Oil Ltd. (31.25%), Canada Cities
Service Ltd. (22%), Gulf Oil Canada Ltd. (16.75%), Canadian Federal Government (15%), Province of Alberta (10%), and Province of Ontario (5%).
]^_l At time of application AOP Group consisted of Petrofina Canada Ltd. (35.337%), Pacific Petroleums Ltd. (32.713%), Hudson's Bay Oil and Gas
Co. Ltd. (14.588%), Murphy Oil Co. Ltd. (10.487%), and CanDel Oil Ltd. (6.875%), Participation changed in 1975 to Petrofina Canada Ltd. (35%),
Pacific Petroleums Ltd. (35%), Hudson's Bay Oil and Gas Co. Ltd. (19%), and Murphy Oil Co. Ltd. (11%).
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Table 234
GCOS Synthetic Crude Properties
Table 235
Participants in the Syncrude Project
Specific gravity API 38.3 Syncrude
Sulfur, wt. %
t Pour Point, F














Salt, lbs. per 1000 bbl <2 Federal Government 15%
Color (O.D.) 32 t Ontario Government 10%
Reid vapor pressure, psia 0.9 Alberta Government 5%
B, S, and W Trace inrw
104,550 barrels per day, is shown in Figure 211 and a
bitumen balance is shown in Table 236. An energy
balance is provided in Table 237. The synthetic
crude oil product will have the following properties
and are shown in Table 238.
Shell Canada, Ltd.
Shell Canada, Ltd. and Shell Explorer, Ltd. (a
subsidiary of Shell Oil Company (USA)) filed an
application3 7 *
with the Alberta Energy Resources
Conservation Board for approval of a plan to
produce 100,000 barrels of synthetic crude oil per
day from Lease No. 13 in the Athabasca deposit
area. The lease area contains adequate reserves to
supply the plant for at least 25 years.
The application called for four walking draglines
to be used in the mining operation. Each of these
units would have a 75 to 90-cubic-yard bucket, and
boom lengths sufficient to allow digging to a depth
of 200 to 240 feet. The mill feed pile at each
dragline would be reclaimed onto a belt conveyor
system taking it to the car loader. The ore trains
would be made up of fourteen 100-ton side dump
cars.
Bitumen extraction would be performed using the
conventional hot water process, with the froth
product being centrifuged with recycle naphtha.
The primary separation of the light fraction from
the raw bitumen will be accomplished by vacuum
flashing with the vacuum residue being subjected to
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Figure 211. Process Flow Diagram of Syncrude Project
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Table 236
Bitumen Balance for Syncrude Plant
Intial Output Ultimate Output
125M BPCD Output
Expected Within
Ten Years from Start-up
BPCD Mlbs/CD BPCD Mlbs/CD
Mining
Tar Sand Mined




















Froth Treatment {% Recovery) 98 98
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Bitumen in Extraction Tailings
Bitumen in Centrifuging Loss
Naphtha in Centrifuging Loss
Heat Rejected
Net Coke (Solids Free Basis)
Product Sulfur
Synthetic Crude










Up to a total
of 52 x 10 Btu/CD may be required from natural gas depending
upon the final fuel balance.
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Table 238
Properties of Syncrude Oil Product
Gravity, API 33.1
Sulfur, wt. % 0.27
Nitrogen, wt. % 0.07
Liquid Fractions, vol. %
C5-380 F 25.5
380 -650 F 29.5
650 - 975 F 25.0
975 F+ 0
Table 239
Properties of Shell Oil Product
Gravity, "API 30
Sulfur, wt. % 0.4
Nitrogen, wt. % 0.1
Volume off at 390 F 10%
Volume off at 1000 F 96%
solvent deashing. The vacuum oil will be hydro-
treated and deasphalter oil will be hydrocracked.
The naphtha and gas oil streams will then be blended
to produce synthetic crude oil product. A general
flow diagram and material balance for the plant is
shown in Figure 212.
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The synthetic crude
product will have the properties shown in Table 239.
A plant energy balance is shown in Table 240.
Shell Explorer, Ltd. officially withdrew from the
project in December 1974, and buyers were sought
for Shell Explorer's interests in both the extraction
project and the various oil sands leases held jointly
with Shell Canada. Then in May 1976, the entire
project was officially shelved due to unfavorable
economic conditions, even though approval had not
yet been granted by the Alberta government. In late
1977, interest was revived in the project when Shell
organized a study group of 20 people to review oil
sands development and began actively seeking part
ners for the project. The plant, as currently
envisioned, would produce 125,000 barrels per day,
use hot water extraction, and employ fluid coking
for upgrading rather than vacuum flash deasphalting.
Athabasca Oil Sands Project (AOP)
Petrofina Canada, Ltd., Pacific Petrofina, Ltd.,
Hudson's Bay Oil and Gas Company, Ltd., Murphy Oil
Company , Ltd., and CanDel Oil, Ltd., filed an
application in early 1974 to produce 122,500 barrels
of synthetic crude oil per day. The plant would be



















Bitumen Loss in Extraction
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deposit area. The applicants also hold seven leases
in other parts of the area and the proposal also
disclosed plans for satellite lease utilization.
Using an ore cutoff of six weight percent
bitumen, the mining would be conducted using
2,000-
liter bucketwheel excavators with a reach of 100
feet. The ore would be transported to the extrac
tion plant by conveyors. Pockets of high quality ore
in the pit floor would be mined with a long reach
dragline.
The hot water extraction process would be used
to recover the bitumen and fluid coking would be
used to upgrade the product. Hydrotreating of each
intermediate product stream (naphtha, light gas oil,
and heavy gas oil) would remove the sulfur and
nitrogen from the products, which would then be
combined to yield a synthetic crude oil product. An
upgrading material balance is shown in Figure 213.
The application by the AOP Group was approved
by the Alberta ERCB in early 1975 but has not yet
been approved by the Provincial government. The
project has been inactive since that time pending
favorable and predictable economic viability.
Home Oil Company, Ltd. and Alminex, Ltd.
The most recent application filed with the
Alberta Energy Resources Conservation Board for
approval to construct a commercial oil sands plant is
that of Home Oil Company, Ltd. and Alminex,
Ltd.
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The applicants proposed to produce 103,000
barrels of synthetic crude oil per day from Lease
No. 30 in the Athabasca deposit area.
The applicants proposed to use bucketwheel
excavators for the mining operation. Each unit
would have a capacity 9,200 tons per hour and a
reach of 80 feet. Three excavators would be used





















































-FUEL GAS TO UPGRADING (11.7 MB/CD']
- ELECTRICITY (140 MW)
-STEAM TO EXTRACTION (45 MM LB/CDI
FUEL OIL EQUIVALENT
Figure 212. Flow Diagram for the Shell Canada, Ltd. Plant
removal. A conveyor system would be used to
transport the ore to the extraction plant.
The applicant's proposed extraction process
would be the hot water process, with dilution
centrifuging being used for froth cleanup. Figure
214 shows a schematic and simplified bitumen
material balance for the extraction process. Up
grading would be performed with the patented Exxon
Flexicoking process. This technique combines fluid
coking with gasification of residual coke. According
to the ERCB application, the product synthetic
crude would have the properties shown in Table 241.
Gross production from the proposed plant would
be 103,694 barrels per day, but to avoid the
importation of large quantities of natural gas, some
of the gas oil produced would be used as plant fuel,
thus leaving a final crude production of 102,831
barrels per day. Home planned on supplying all of
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the steam and electrical requirements of the plant
with an on-site utility plant. A tie-in to the
Provincial power grid was also requested to provide
emergency power and to provide for some summer
operating requirements.
Overall recovery of synthetic crude from the
bitumen in the orebody in all mining areas would be
60.9 weight percent. A total complex hydrocarbon
balance is presented in Table 242.
The ERCB granted approval for the project in
mid-1975, but in May of 1976 the applicants official
ly shelved the plans for the project due to an
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ALL QUANTITIES SHOWN ARE ON A CALENDAR DAY
BASIS (AVERAGE FOR 365 DAYS PER YEARI
THE MINERAL CONTENT OF THE BITUMEN FEED AND THE
MINERALS CONTENT OF THE COKE TO FUEL IS NOT
INCLUDED ABOVE.










BUT TO FUEL GAS TO FUEL
SYNTHETIC CRUDE
SYMBOLS
8PCD - borrels per calender day
LT/CD long tons per calender doy
T/CD short tons per calendar doy
MMSCFD millions of standard cubic feet per da
Figure 213. Upgrading Material Balance for AOP Project
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Figure 214. Bitumen Recovery Material Balance for Home Oil
Plant
Table 242
Total Complex Hydrocarbon Balance for
for Home Oil Project
(Includes Sulfur)
Table 241












Loss from bitumen recovery
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1. UGI CONVERTED COMMERCIAL SYNTHESIS GAS PROCESS
The cyclic UGI mechanical blue water gas set was modified by the E. I. du
Pont de Nemours Company for continuous steam oxygen production of synthesis gas
from coke (run-of-oven) .
Process Characteristics
Scale of Operation: Commercial
Dimension: Cylindrical ID, ft
Fuel Bed: Area, sq ft
Volume, cu ft
Gasification Capacity: MM Btu/day
MM scfd




Heat Supply: Autothermic with external steam
heating
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric

































Heat Balance 1Btui/lb Fuel Gasified
Heat Content, Fuel

















This unit is a cylindrical
generator, water-cooled at the
base, and refractory lined at
the top. It is fed with coke
from the top. A rotating
grate at the base discharges
ash material. The coke is
blasted with a steam, oxygen
mixture through a tuyered section
in the center of the grate.
Alh
Brruminout Coal R.ie.rch, Inc. 80MG110
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2. THYSSEN GALOCZY COMMERCIAL SYNTHESIS GAS PROCESS
The Thyssen Galoczy generator was envisaged for a wide range of fuel
types, fuel sizes, and ash contents. However, the only series of successful
tests which have been reported were made with large sized coke.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent (Slag Tap)
Pressure: Atmospheric
Product Gas: Synthesis Gas, 300 Btu/scf
Heat Recovery: Some water-cooling indicated
Fuel
Coke: 2-1/2 x 1-1/2 inch
Description
The only Thyssen Galoczy commercial scale generator was a
slender cylindrical unit, 10 ft ID and 35 ft high, resemb
ling a blast furnace. It had injector points at three levels
--recycle gas, oxygen, and steam were injected at the bottom
level, and additional oxygen was injected at the higher levels.
This unit had an unusual telescoping charging bell that main
tained an annular shaped and hence deeper fuel bed at the
top of the unit. The unit was slagging; high ash fusion
materials required fluxing.
Performance Data
Dimension: Cylindrical ID, ft
Fuel Bed: Area, sq ft
Gasification Capacity: MM Btu/day
MM scfd















Material Balance lb/M scf lb/MM Btu







Auxiliary Gas *190 **635















Heat Content, Gas 11,200
Bell in
Charging Position
ftuminout Coal RotMrch, Inc. MMGIIS
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3. KERPELY COMMERCIAL SYNTHESIS GAS PROCESS
A Kerpely producer was operated by the U.S. Bureau of Mines at Louisiana,
Missouri. Coke was the fuel and the gasification was with a combination steam,
oxygen, air blast. Data are presented for one test with 98 percent oxygen and a
high steam rate.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis Gas, 250 Btu/scf
Heat Recovery: Sidewall
Fuel
Coke: Nut and pea size
Description
The Kerpely producer is a fixed-bed cylindrical unit. The re
actor has a steam-cooled lower and a refractory lined upper por
tion. It has a rotating center grate with tuyeres for steam
oxygen and/or air blasting.
RJtuminou. Coal RM*rch, Inc. 80060114
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Performance Data
Dimension: Cylindrical ID, ft
Fuel Bed: Area, sq ft
Volume, cu ft

























































4. LEUNA COMMERCIAL SYNTHESIS GAS PROCESS
The Leuna gasifier was mostly used to gasify coke with a steam, oxygen
blast. The data presented are for a feed of low temperature coke.
t Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent (Slag Tap)
Pressure: Atmospheric
Product Gas: Synthesis Gas, 320 Btu/scf
Heat Recovery: Some water cooling
Fuel
Coke: Low temperature, 1-1/2 x 1/8 inch
Description
The Leuna gasifier is a top-fed cylindrical unit which tapers
towards the base. The unit is mostly refractory lined but
there is some water cooling at the base. It is slag forming
and operated without mechanical agitation. Fluxes are used
with fuels having a high ash-fusion temperature.
Muminatn Cm* Imiwh, Inc. *00*GtH
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Performance Data
Dimension: Cylindrical ID, ft
Fuel Bed: Area, sq ft
Volume, cu ft (approx.)






















Heat Balance Btu/lb Fuel Gasified
Heat Content, Fuel 11,800
Heat Content, Gas
Sensible Heat, Gas




Thermal Efficiency, Percent Not Available
Steam Utilization, Percent 80.6
Gas Analysis













5. BASF-LEUNA COMMERCIAL SYNTHESIS GAS PROCESS
The BASF-Leuna synthesis gas generator is a large mechanized pressure
gasifier developed at the time the German industry converted from coke to
naphtha as a gasification feedstock. The BASF-Leuna gasifier is a fixed-bed
coke fired unit blasted with steam and oxygen and having additional injection of
recycled coke dust and of naphtha at the tuyeres. Data are presented for firing
with coke above and with 40 percent naphtha enrichment.
Process Characteristics
Scale of Operation: Commercial Heat Supply: Autothermic
Flow: Top feed, countercurrent injected feed, concurrent
Gasifying Media: Steam, Oxygen
Pressure: Elevated




















Coke Coke plus 40 percent Naphtha
Description
The BASF-Leuna Gasifier is a top fed intermittent slag top
refractory lined unit. Coke and limestone are intermittently
fed in at the top through a lock hopper and progressively gasi
fied until the limestone dissolves in the slagged ash ingredients
to form a freely flowing liquid at the base of the unit.
Steam, preheated oxygen, and preheated naphtha are blasted
from a ring of tuyeres near the base. In addition, two
tuyeres
are used to recycle coke dust from the dust collector system.
The unit is mechanized except for the final slag disposal.
The charging, for example, is regulated by a retractable probe
which intermittently senses the height of the fuel bed.
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Heat in Unreacted Steam










Not Available Not Available
Not Available Not Available
Not Available Not Available
Total Heat Output 13,670 15,870
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6. WELLMAN-GALUSHA COMMERCIAL SYNTHESIS GAS PROCESS
Data are presented on tests conducted with a Wellman-Galusha unit blown
with steam and oxygen to produce a synthesis gas.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric














2-5/8 x 3/32 inch
Description
This unit is the well-known Wellman-Galusha gas producer
modified to enable high Btu gas production with a steam,
oxygen blast. The unit is top fed through characteristic
vertical feed pipes. The sidewalls are water cooled and






























































Carbon Monoxide 40.0 54.1




Dimension: Cylindrical ID, ft 10
Fuel Bed: Area, sq ft 87.5
Volume, cu ft 765
Gasification Capacity: (A) (B)
MM Btu/day 780 640
MM scfd 2.87 2.46
Gasification Rate:
Coal, lb/(sq ft)(hr) 33.0 31.8
Coal, lb/(cu ft)(hr) 3.8 3.6
Gas, scf/(sq ft)(hr) 1,420 1 ,300
Gas, scf/(cu ft)(hr) 163 148
Material Balance lb/M scf lb /MM Btu
(A) (B) (A) (B)
Gasifier Fuel 23.2 24.4 85.7 94.7
Oxygen 17.9 19.7 66.4 76.5
Steam 32.5 24.6 120 95.5
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7. BAMAG-WINKLER ATMOSPHERIC COMMERCIAL SYNTHESIS GAS PROCESS
The Bamag-Winkler atmospheric synthesis gas unit is a fluidized bed,
steam-oxygen gasifier which was used principally with subbituminous coal or its
coke. Data are presented for operation at Leuna with subbituminous coal.
t Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis Gas, 270 Btu/scf











Designation: Dry brown coal
ASTM Rank: Subbituminous A
Size: 5/8 inch x 0
Description
The Bamag-Winkler atmospheric unit has a tall narrow refrac
tory lined reactor. It is screw fed from the bottom with
either fine dry brown coal or
"gude"
(brown coal coke) from
a pressurized bunker and is fluidized by a steam, oxygen
blast. The bed is apparently not fully expanded, and there
is a considerable reactor volume above the bed to allow time
for reaction of the gas-entrained undersize particles. The
primary blast is from a grate in the bottom; there is a secon
dary blast above the fuel bed for the gas entrained particles.
The larger ash particles settle to the bottom of the bed
and are moved by a rotating scraper to an ash chute and from
there to a sealed ash hopper by a screw. However, much of
the ash and a significant amount of carbon is entrained in
the exit gases. The unit has an auxiliary generator to provide
a hot bed for initial start-up.
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Heat Content, Carbon in Refuse
Heat Content, Carbon in Fly Ash
Unaccounted for Losses
Total Heat Output
*Assume Exit Gas Temperature: 1,800F
Thermal Efficiency, Percent
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8. KOPPERS-TOTZEK COMMERCIAL SYNTHESIS GAS PROCESS
The Koppers-Totzek unit is an atmospheric pressure, pulverized coal,
steam-oxygen gasifier. It can gasify a wide range of fuels, it can handle any
size of fuel, it has high reaction rates, and it produces no liquid by
products. Unfortunately, these advantages are offset by high exit-gas tempera
tures, high coal-oxygen ratios, and high dust loadings. Data are presented for
commercial installations using 15 and 30 percent ash content coals.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis Gas, 275 Btu/scf












Carbon Dioxide 12.6 11.9
Methane 0.1 0.1










Location: Poland Not Available
Designation: Silesian Bituminous High Ash Bituminous
Size: Pulverized, 80% to Pulverized
90%, Minus 200 Mesh
Description
The reactor is a horizontal refractory lined cylinder with
tapering ends for opposed pulverized coal injectors. The
coal is tangentially injected with oxygen and steam admitted
to provide turbulence. The combustion reactions take place
within 18 inches of the injectors and the reduction reactions,
in the remaining space. High carbon conversion is
obtained
because of the turbulence, the small particle size, and the
high reactor temperatures.
The hot (1800 to 2300F) gas leaves through the top exit
with unreacted carbon and 50 percent or more of the ash en
trained. The remaining ash forms slag which is tapped from































Heat Content, Carbon in Fly Ash 1,140
Unaccounted for Losses 1,050
Total Heat Output 12,090
Thermal Efficiency, Percent
Btu Cold Gas/Told Heat Input 66.8
Btu Cold Gas + Excess Steam













E : ^ Boiler
Water-Sealed
Ash Removal Gear
Bituminom Coal Raairch, Inc. 8006GI22
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9. B & W-DuPONT COMMERCIAL SYNTHESIS GAS PROCESS
The U.S. Bureau of Mines built and tested extensively a pilot-scale
atmospheric-pressure pulverized coal gasifier. The Babcock and Wilcox Company
built a 5 foot diameter small commercial scale unit of similar design for E. I.
DuPont at Belle, West Virginia. Performance data are presented for the full-
scale 15 foot unit which was built later at Belle.
Process Characteristics
Scale of Operation: Small-Scale Commercial
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synhesis Gas, 270 Btu/scf









Heat Recovery: Integral Waste Heat Boiler
Fuel
Location: West Virginia
Designation: No. 2 Gas Seam
ASTM Rank: High Volatile A Bituminous
Size: Pulverized, 70-90 Percent Minus 200 Mesh
Description
The Belle 15 foot gasifier is a tall, cylindrical unit with
a lower refractory lined reaction chamber and an upper
water-
cooled shell. The upper section has an integral one-pass
waste heat boiler. The synthesis gas outlet has an integral
economizer for heating feed water.
The reaction chamber has two sections connected by a narrower
throat. Pulverized coal, steam, and oxygen are injected
downward from the throat region from a ring of eight injectors
aimed at the slag tap hole. The combustion reactions mostly
take place in the lower chamber; slag is formed and continu
ously tapped into a water tank where it is granulated and
removed by a screw conveyor. The reduction reactions mostly
take place in the upper chamber and then the gas is directed







Heat in Unreacted Steam
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10. RUMMEL SINGLE-SHAFT COMMERCIAL SYNTHESIS GAS PROCESS
The Rummel Single-shaft unit is a fine coal, synthesis gas generator in
which most of the reaction takes place in or on the surface of a rotating slag
bath. The unit has the advantages of high carbon conversion, no by-products,
little solid carry-over, and suitability for high ash coals. The unit has been
used principally with subbituminous coals, but pilot-scale tests have been made
with bituminous coals. Data presented are for the expected performance of a
commercial scale unit as extrapolated by the manufacturer from pilot-scale
data.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, oxygen
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis Gas, 285 Btu/scf











ASTM Rank: High Volatile A Bituminous
Size: Pulverized
Description
The Rummel Single-shaft unit has a tall narrow water cooled
reactor with an unlined slag pool or bath at the base. Fine
coal is injected close to the base from a ring of blast gas
jets aimed tangentially at the slag to keep it stirred.
The blast gas is generally oxygen and steam. A large moving
slag burden is maintained to
insulate the base of the unit
and to provide a heat transfer medium. The coal particles
are, for the most part, initially entrained in the slag,
allowing a high conversion of coal to gas
and of ash to
slag. The excess slag is water quenched and granulated
for
removal as a slurry. The gases are cooled in the top of
the reactor by a tube bank tied in with the waste heat boiler























Total Heat Input 13,580
Heat Content, Gas
Sensible Heat, Gas
Heat in Unreacted Steam








Total Heat Output 13,580














11. LURGI DRY-ASH COMMERCIAL SYNTHESIS GAS PROCESS
This gasifier is probably the most extensively developed steam, oxygen,
coal gasification unit. Data are presented from the Westfield Works (Scotland)
installation which was completed in 1961. The most recent commercial plant was
put into operation at Coleshill, England, in 1963. The Lurgi plant at Dorsten,
Germany is being converted to petroleum naphtha.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent

















Designation: Local Strip Mine Coal
ASTM Rank: High Volatile C Bituminous
Description
The gasifier is a water-walled, top-loaded, downflow unit.
It has a rotating ash removal grate with tuyeres for oxygen
and steam blasting at the base. Recent design improvements
include: a mechanical stirrer for weakly caking coals, a
rotating coal distributor, the reycle of ash-laden tar to
limit fly ash carry-over, and the steam cooling of the grate.
Fuel
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Performance Data
Gasification Capacity: MM Btu/day 9,300-12,400
MM scfd 30-40
Gasification Rate: Coal, lb/(sq ft)(hr) 584














12. GAS INTEGRALE COMMERCIAL SYNTHESIS GAS PROCESS
Information is available on the operation of four commercial scale "Gas
Integrale"
units installed in the Rome gas works.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Countercurrent
Gasifying Media: Steam, air
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Water gas, coal gas of 340 Btu/scf









Fuel (A) (B) (C)
Location: Poland France England
Designation: V. Silesia Lorraine E. Midlands
ASTM Rank: High Volatile High Volatile High Volatile
A Bituminous B Bituminous B Bituminous
Size: 2-3/4 x 3/4 2-3/4 x 3/4 2-3/4 x 3/4
Description
The gasifier is top fed and ash is withdrawn through grate
at the base. The lower portion of the reactor is water jac
keted and the upper portion is made of hollow refractory
tile with flues up the center and around the sidewall. The
fuel bed at the base of the unit is periodically air blasted
and the combustion products are diverted to the flues. Steam
is then injected into the fuel bed to make water gas. The
hot water gas travels upward through the fresh coal in the
upper portion of the reactor where the sensible heat of the
gas is used to distill off "coal
gas."
The mixed gas from
the gasifier consists of 60-75 percent water gas, with the
balance being coal distillation gas, tar, and unreacted steam.
Material Balance lb/M scf lb/MM Btu















Btu Cold Gas/Total Heat Input
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13. PINTSCH HILLEBRAND COMMERCIAL SYNTHESIS GAS PROCESS
The Pintsch Hillebrand generator uses high temperature steam and re
circulated gas for the two-stage gasification of brown coal briquets into a
water gas product and recycled coal gas.
t Process Characteristics
Scale of Operation: Commercial
Heat Supply: Producer gas heated generator and steam
Flow: Countercurrent
Gasifying Media: Steam and Recycled gas
Pressure: Elevated
Product Gas: Water gas, 280 Btu/scf








Heat Recovery: Waste heat boiler
Location: Rhineland, Germany
Designation: Brown coal briquets
ASTM Rank: Brown coal
Description
The Pintsch Hillebrand generator has an upper conical chamber
for coal distillation and a lower annular chamber for water
gas production. Brown coal briquets are fed from the top
of the unit and ash is removed from the base of the lower
chamber through a water seal. An external gas producer is
used to heat alternately one of two brick-filled regenerative
heaters to approximately 2750F while steam and recycle gas,
mostly top distillation gas, is passed through the other
regenerator and enters the gas generator at approximately
2350F. There is enough heat in this gas-steam mixture to
produce water gas in the lower generator. Most of the water
gas leaves the generator at approximatley 1300F while some
is diverted to the distillation zone from which coal gas
is emitted at approximately 197F.
Heat Balance Btu/lb Fuel Gasified
Heat Content, Fuel Not Available
Heat Content, Steam 2,330
Heat Content, Gas 8,740


















Dimension: Annular ID x OD, ft 15.4 x 19
Fuel Bed: Area, sq ft 98
Gasification Capacity: MM Btu/day 1.4
MM scfd 4.9

















Recycle Gas and Steam
- Producer Gas for Gas
and Steam Heating
Bituminous Coal Research, Inc 8006G173
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14. BASF-FLESCH-DEMAG PILOT-SCALE SYNTHESIS GAS PROCESS
The pilot-scale BASF-Flesch-Demag process employs Flesch-Winkler type
units coupled in pairs to take advantage of fluidized-bed gasification, in
which fine coal and a wider range of coals are suitable while minimizing the
disadvantages of high oxygen requirements, and of high ash and carbon carry
over. The units are periodically fluidizing one unit at a time while using the
other unit to trap fines and to complete reaction of the fluidizing blast
gases. Data are available from gasification of a high-Btu content coal with
steam and oxygen.
Process Characteristics




Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent
Pressure: Atmospheric
Product Gas: Synthesis gas, 290 Btu/scf











Size: 8 mm x 0
Description
The gasifiers are coupled and are intermittently top fed.
They are connected in parallel for most of the time. They
are operated as fixed-bed units with a steam oxygen concur
rent downblast as shown in Figure 35-21A. There is a combustion
zone at the top of each reactor with clinker formation; the
combustion products react with the material lower in the
fuel bed to produce synthesis gas.
For ash removal and feeding, the units are operated in series
as shown in Figure 3.5-21B. Unit I is fluidized with an
upward blast. The blast gas with entrained fines from the
fuel bed and with fines and tar from the fresh coal is passed
down through the bed of Reactor II. Reactor II acts as a
trap for the fines, as a heat source to
crack the tars, and
as a fuel bed to allow more complete reaction of the blast
gas. During fluidization the clinker at the top
of the bed
of Reactor I is broken up and settles to the the bottom where
it is removed.
The units operate for approximately 10
minutes in parallel and then the units are
alternately fluidized for approximately one
minute; a cycle is completed in approximately
22 minutes.
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Heat in Excess Steam
Sensible Heat, Gas












Btu Cold Gas/Total Heat Input 84.6
Steam Utilization, Percent 35
Performance Data
Dimension: Cylincrical ID, ft 8.1
Fuel Bed: Area, sq ft 51.9
Volume, cu ft 737
Gasification Capacity: MM Btu/day 940
MM scfd 3.23
Gasification Rate: Gas, scf/(sq ft)(hr) 2,450
Gas, scf/(cu ft)(hr) 173
Material Balance Ib/M scf lb/MM Btu
Gasifier coal 25.5 88 0
Oxygen 18.1 62 4
Steam 30.5 105
Steam for Credit (12.6) (43.3)
A. DOWN-BLOW GENERATORS I AND 11
B. FLUIDIZED UPRUN, GENERATOR I
. Coal Research, Inc. 80O6G131
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15. PANINDCO PILOT-SCALE SYNTHESIS GAS PROCESS
The pilot-scale, oxygen blown, Panindco gasifier is of interest princi
pally because it is a non-slagging, pulverized coal, synthesis gas generator.
t Process Characteristics
Scale of Operation: Small scale commercial
Heat Supply: Separately fired boiler and gas fire
regenerative heater
Flow: Concurrent
Gasifying Media: Air (for coal transport), oxygen and steam
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis gas, 210 Btu/scf




ASTM Rank: High volatile A bituminous
Size: Pulverized
Description
The gasifier is a steel, refractory- lined cylinder with a
dome shaped top. Pneumatically conveyed pulverized coal
(80 percent minus 200 mesh) and preheated air are admitted
at the top of the reactor. Low temperature steam is admitted
at several points. The steam is used as a gasifying medium
and to moderate the reaction temperatures and thus protect
the refractory lining and prevent slagging of ash components.
The features built into this pilot unit include: (1) Flow
that is only slightly turbulent due to the careful concentric
admission of the reagents and a low gas velocity; (2) A large
reactor to enable a high degree of gasification and the ef
fective cooling of the residue; (3) The removal of all the
ash in the solid state; and, (4) Means of preheating the
air to a high temperature, although high preheats are not
necessarily advocated. The gas leaving the reactor is water
cooled and is then passed through cyclone dust collector.
The dedusted gas is then scrubbed, dewatered, demisted, meter
ed, and finally burned.
Literature References
1. Foch, P. and Loison, R., "The gasification of pulverized
coal by the Panindco processRecent
experiments,"
Intern.
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16. USBM VORTEX PILOT-SCALE SYNTHESIS GAS PROCESS
The U.S. Bureau of Mines conducted a series of experiments on the making
of synthesis gas with coal, steam, and oxygen in 2-ft Vortex reactors varying
in depth. Results have been extensively analyzed but the primary data have
apparently not been published.
Process Characteristics
Scale of Operation: Laboratory pilot scale
Heat Supply: Externally supplied steam and oxygen
superheated by gas firing
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Assumed atmospheric
Product Gas: Synthesis gas, 180 Btu/scf




ASTM Rank: High volatile C bituminous
Size: 80 percent minus 200 mesh
Description
The gasifier is a refractory cylinder inside a second
steel-
cased refractory cylinder. Pulverized coal is fed from the
top by means of a water cooled spinner and slag is drained
from the bottom. Oxygen is admitted through the spinner
and a mixture of superheated steam and oxygen, generally
at 1300F is fed to the annular plenum around the reaction
chamber and from there is admitted to the reactor via ran-
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17. INLAND STEEL PILOT-SCALE SYNTHESIS GAS PROCESS
In the course of developing a direct iron ore reduction and smelting
process, the Inland Steel Company developed pilot-scale reduction equipment
that gasified pulverized coal with oxygen. The equipment was later modified
and tested as a two-stage synthesis gas generator using pulverized coal, steam,
and oxygen.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, oxygen
Ash Removal: Continuous
Pressure: Atmospheric





There are two reactor chambers, both made of refractory.
A 9-ft cylindrical dome-shaped primary chamber is connected
to a taller rectangular shaft. Opposed coal oxygen burners
are aimed at the center of the first chamber and steam is
supplied by separate tuyere. Improved gasification is claimed
by having different coal -oxygen ratios from opposed burners.
Gas at approximately 3000F passes into the second reactor
where more coal is admitted to reduce the CO2 content; some
oxygen is also supplied to maintain a high reaction tempera
ture. The gas leaves at approximately 2300F and enters
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18. GAS COUNCIL-LURGI SLAGGING PILOT-SCALE SYNTHESIS GAS PROCESS
Reducing the steam input to a Lurgi-type gasifier allows higher reaction
temperatures which results in improved carbon conversion, in higher throughput
rates, and in removal of coal ash as slag. Slagging operation enables the unit
to handle a wider range of coals, especially coals with caking and ash fusion
properties unsuited to "dry
ash"
units. The disadvantages include increased
oxygen consumption and a reduction in preformed methane. The Gas Council in
England has experimentally operated a slagging Lurgi as an intermittent slag
tap unit.
Process Characteristics
Scale of Operation: Laboratory pilot plant
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, oxygen
Ash Removal: Intermittent
Pressure: 5 atm
Product Gas: Synthesisgas, 300 Btu/scf
Heat Recovery: None
Fuel
Coke and blast furnace slag
Description
The Gas Council -Lurgi
slagging gasifier consists of
a 19-ft 9-inch high by 3-ft
9-inch ID water-jacketed pres
sure vessel sealed at the top
by a fuel lock hopper and at
the base by a slag lock hopper
located on an adjacent slag
quench vessel. Coke, initi
ally mixed with blast furnace
slag moves downwards and is
progressively gasified by
steam and oxygen blast that is
injected from four water cooled
tuyeres that face downwards
into the slag pool. Slag is
allowed to collect in the base
of the gasifier and it is tapped
about every 30 minutes into a
water quench tank from which the
granulated slag is emptied by a
lock hopper. A separate burner
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19. BCURA-LURGI SLAGGING PILOT-SCALE SYNTHESIS GAS PROCESS
Reducing the input to a Lurgi-type gasifier allows higher reaction
temperatures which result in improved carbon conversion, in higher throughput
rate, and in removal of coal ash as slag. Slagging operation is attractive
because it enables the unit to handle a wider range of coals, especially those
with caking and ash fusion properties unsuited to "dry
ash"
units. The
disadvantages include increased oxygen consumption and a reduction in pre




Scale of Operation: Laboratory pilot plant
Heat Supply: Autothermic with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam and oxygen
Ash Removal: Continuous
Pressure: Three atmospheres




The gasifier is a 22 ft high,
6 ft. diameter vessel with a two layer
refractory liner. The liner is water
jacketed with cooling water circulated
within the refractory in the lower half
of the unit. Coke and any flux admitted
through the top is progressively gasified
as it passes down the unit and the remain
ing ash is slagged and continually tapped
from the base. The slag tap hole is heated
by an oil oxygen burner to prevent freezing.
The slag is water quenched and granulated.
The charge is blasted with steam and oxygen






20. USBM-LURGI SLAGGING PILOT-SCALE SYNTHESIS GAS PROCESS
The U.S. Bureau of Mines pilot-scale Lurgi slagging gasifier at Grand
Forks, North Dakota, was apparently set up for operation on lignite. Dry ash
units are well -suited for operation with lignite, but the slagging of lignite
ash is generally considered difficult. The limitation of throughput rates in
fixed-bed gasifiers generally consists of a critical gas velocity which, when
exceeded, allows the fuel bed to become virtually fluidized. However, slagging
operation with its reduced amount of unreacted steam allows a significantly
higher throughput rate of carbon and hydrogen products at the same critical gas
velocity.
Process Characteristics
Scale of Operation: Pilot scale
Heat Supply: Autothermic, with externally heated steam
Flow: Countercurrent
Gasifying Media: Steam, Oxygen
Pressure: 27 atmospheres










L i gn i te










1/2 x 1/8 inch
Description
The overall height of the gasi
fier is 40 ft of which 25 ft are
continuously pressurized, water cooled
and refractory lined. The gasifier
chamber is 16 in ID. Fuel and flux
are fed in at through a lock hopper
and are progressively gasified as the
charge moves down through the shaft
countercurrent to the steam and oxygen
blast. The blast is admitted through
tuyeres close to the refractory bottom
where slag is continuously tapped.
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21. HYDROCARBON RESEARCH PILOT SCALE SYNTHESIS GAS PROCESS
Brief data are available from a 12-day run at 175 to 245 psi with an
thracite in a semi -commercial fluidized-bed gasifier. The equipment is
described, but diagrams, etc., are not available. In private communication,
Hydrocarbon Research estimated the performance of their unit at 450 psi with an
Ohio coal and with Pittsburgh seam coal.
Process Characteristics
Scale of Operation: Small Scale Commercial
Heat Supply: Autothermic with externally heated steam
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent
Pressure: 450 psig




Designation: Not Available Pittsburgh
ASTM Rank: High Volatile B High Volatile A
Bituminous Bituminous
Size: 20 Mesh x 0 20 Mesh x 0
Description
The semi -commercial gasifier is a brick lined vessel 2 feet,
2-1/2 inches ID, and is designed to react coal fines with
steam and oxygen in a fluidized bed up to 40 feet in depth
at pressures up to 400 psig and temperatures up to 1800F.
The gasification zone is surrounded bybrickwork and refrac
tory. This insulating layer is 5 to 6 inches thick. Out
side the brickwork is a corrugated jacket of steel 1/2 inch
thick. Space outside the corrugated jacket and outer shell
of the vessel is filled with water under substantially the
same pressure as that in the gasification zone. The outer
shell is carbon steel 1-1/8 inches thick. The vessel is
43 feet, 11-3/4 inches OD and 80 feet high.
Steam and oxygen are introduced into the bottom of the gasi
fication zone at a combined inlet velocity sufficient to
buoy the particles, i.e., to maintain them in the so-called
fluidized state.
Heat loss through brickwork is absorbed by generation of
steam in the water wall. Pressure in the water jacket is
controlled within 20 psig of the internal pressure by means
of a differential pressure controller regulating the release
of steam to the atmopshere.
Nozzles are suitably located for coal feed, ash withdrawal
and measurement of temperature and differential pressures
for bed height and bed density determination. Coal feed
and ash withdrawal are accomplished intermittently by means
of "dense phase
transport"
through 3/4 inch lines.
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Performance Data
Dimensions: Cylindrical ID, OD, inches ID 26. 5; OD 47.75
Height, ft 80
Fuel Bed: Area, sq ft 4.85
Volume, cu ft 121
Gasification Capacity: MM Btu/day 330
MM scfd 1.0
Gasification Rate: Coal, lb/ sq ft)(hr) 260
Coal, lb/(cu ft)(hr) 10.4
Gas, scf/(sq ft)(hr) 8,600
Gas, scf/(cu ft)(hr) 340
Material Balance lb/M scf lb/MM Btu
(A) (B) (A) (B)
Gasifier Fuel 30.0 27.0 91.7 85.0
Oxygen 14.7 13.9 44.9 43.5
Steam 34.6 40.5 105 128
Percent Percent
External Fuel for Steam 4.2 4.1 12.9 12.8
Heat Balance Btu/lb 1:uel Gasif ied
(A) (B)
Heat Content, Fuel 12,830 13,820
External Coal Fuel for Boiler 1,310 1,630
Total Heat Input 14,140 15,450
Heat Content, Cold Gas 10,900 11,740
Heat Content, Carbon in Burden 440 440
Sensible Heat, Dry Gas 1,320 1,450
Heat Content in Unreacted Steam 1,200 1,580




Btu Cold Gas/Btu in Coal

































































Component Volume Percent, Dry
Hydrogen 33.6 35.9
Carbon Monoxide 29.3 27.5
Carbon Dioxide 22.2 22.6
Methane 12.8 12.4
Nitrogen 0.9 0.8
Hydrogen Sulfide 1.2 0.8
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22. TEXACO PILOT-SCALE SYNTHESIS GAS PROCESS
In the Texaco gasifier, pulverized coal is fed as a slurry through a
boiler and heated, presumably close to the softening point of the coal,
prior to being injected with heated oxygen into a high-pressure suspended coal
gasifier. Texaco provided data on performance with a Japanese coal and
predicted the performance with a Pittsburgh seam coal.
Process Characteristics
Scale of Operation: Small Scale Commercial
Heat Supply: Autothermic, probably with external heating of
coal, oxygen steam
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Assume Continuous Slag Tap
Pressure: Elevated
Product Gas: Synthesis Gas, 270 Btu/scf and higher if methane
present






















The scant data available indicate a downflow cylindrical
reactor. The coal steam mixture is admitted at the center
and the heated oxygen at the periphery. The gas outlet is
towards the bottom. Slag forms at the conical base and is
tapped into a water bath which granulates the slag and allows
it to be removed under pressure as a slurry. The feed coal
is pulverized, probably using a wet process, and fed to a
thickener where the water content is adjusted to a suitable
consistency. The slurry is pumped through a heater where
steam is formed. A cyclone can remove excess steam and allow
a properly proportioned steam coal mixture to be injected
into the reactor. The oxygen is similarly heated. There
is no information available on the processing of the exit
gas.
Material Balance lb/M scf lb/MM Btu
(A) (B) (A) (B)
Gasifier Fuel 26.1 32.2 74.0 91.3
Preheating Fuel 2.4 3.4 6.8 9.7
Oxygen 22.0 21.3 62.2 60.4








Heat in Unreacted Steam
Heat in Unreacted Carbon















Btu Cold Gas/Total Heat Input
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23. USBM MORGANTOWN PILOT-SCALE SYNTHESIS GAS PROCESS
Many pulverized coal pilot-scale gasification studies have been conducted
at the U.S. Bureau of Mines Morgantown Station. The atmospheric pressure work
culminated in the B & W DuPont commercial -scale gasifier at Belle, West
Virginia. More recent studies with steam and oxygen at elevated pressure
concerned high-rate gasification in pilot-scale units with small (2 to 3 cubic
foot) downflow refractory lined tubes.
t Process Characteristics
Scale of Operation: Laboratory Pilot
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent
Pressure: Elevated





ASTM Rank: High Volatile A Bituminous
Size: Pulverized
t Description
The reactor is a 12-foot long, 2-foot 6-inch ID pressure
cylinder cooled internally with spirally wound coils. The
reaction chambers which are fitted in the top of the vessel
consist of 10 to 12 inches ID, 3-foot long refractory lined
cylinders. On later units, additional cooling coils were
placed near the surface of the refractory- Pulverized coal,
steam, and oxygen are injected downwards from the top and
center of the unit; the coal is gasified in the refractory
bore, and the products are cooled by a spray from the spray
ring. The gases are removed from a fitting close to the
bottom of the unit and slag or large ash particles are periodi
cally removed from a fitting in the base. The coal is pul
verized, and placed in a storage hopper. It is then trans
ferred to a weighed transfer hopper and fed to the feed hopper,
in which it is continuously fluidized by a stream of recirculated
inert gas. The pulverized coal and transport gas are preheated
and fed to the center of the injector to which steam and
oxygen are fed tangentially. The product gas is cooled in















24. BIANCHI PILOT-SCALE SYNTHESIS GAS PROCESS
The pilot-scale Bianchi gasifier is a vortex-type entrained unit which
was developed to make pipeline gas by pressure gasification of highly reactive
lignite with steam and oxygen in a non-slagging gasifier.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous
Pressure: Elevated 10-25 atm






Size: 60 Mesh x 0
Description
The reactor is a 1 ft in
3 in ID vortex chamber with an
approximate vol of 1.2 ft3.
The vortex chamber is connected
by a venturi to a 1 ft ID, 20 ft
high water cooled shaft. Pul
verized coal is entrained in a
stream of 1000F superheated
steam and oxygen injected
tangentially from a single nozzle
in the center of the vortex cham
ber. Chamber temperatures 1600F
or lower are maintained so as to
obviate slag problems; the ash is
presumably entrained with the pro
duct gas. It was hoped that the
ash would act as a catalyst and
that the conditions in the shaft
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25. IGT CYCLONIZER PILOT-SCALE SYNTHESIS GAS PROCESS
The Institute of Gas Technology operated a downflow pilot-scale pul
verized coal steam and oxygen slagging synthesis gas generator at atmospheric
and moderately elevated pressures: the principal objective was to improve the
art of generating synthesis gas from a wide range of coals.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Intermittent
Pressure: 1.5-8 atm
Product Gas: Synthesis Gas, 235 Btu/scf
Heat Recovery: Waste Heat Superheater





















The reactor is a cylin
drical 5 ft shell 9 ft high
with several internal layers
of refractory that result in
a reactor bore of 1 ft 6 in,
except for a 2 ft 3 in recess
for coal and steam admission
near the top of the eye Ioni
zer. Oxygen is admitted from
the top of the eye Ionizer; pul
verized coal suspended in steam
and air and superheated steam
are tangentially admitted to
the periphery. The products
leave the reactor via the bottom
and enter the slag pot in which
the larger solids are deposited
as the remaining products leave
through a side exit. Some en
trained fly ash is deposited in
the base of the waste heat super
heater dust pot as the gases
travel upward through the
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26. ICI MOVING BURDEN PILOT-SCALE SYNTHESIS GAS PROCESS
ICI in England built a large pilot plant to make atmospheric pressure
synthesis gas from coal without oxygen. The process used fluidization to
circulate the fuel through a steam gasification reactor and air blown com
bustion chamber. Unexpected particle degradation with its resultant material
made the process disappointing and the system was never commercialized.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Combustion Chamber Concurrent
Gasification Reactor Countercurrent
Gasifying Media: Steam, Air
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Synthesis Gas, 270-325 Btu/scf
Heat Recovery: None
Fuel (A) (B)
Location: Durham Nottinghamshire (England)
Designation: Hetton Shirland
ASTM Rank: High Volatile A High Volatile A
Bituminous Bituminous
Size: 1/8 inch x 0 1/8 inch x 0
Description
The gas generator was originally built with two gassif ication
reactors and a central combustion chamber. In a carbonization
reactor volatiles were to be distilled with fluidizing recycled
gas and hot recycled char as an additional heat source.
In the water gas reactor, gas was to be made by fluidizing
recycled hot char with steam. The pilot-plant vessels were
relatively narrow but probably had commercial scale heights.
The combustion chamber had a 1 foot ID and was 32 feet high,
the carbonization reactor was 2 feet 6 inches ID with an
8 foot bed and an 8 foot head space, and the water gas reactor
was 3 feet 7 inches ID with a 12 foot bed and an 8 foot head
space.
After initial tests with coke using the water gas reactor
only, it was decided that it would be better to gasify the
coal in only one reactor and the unit was apparently operated
as shown in the generator diagram. Gasification was accom
plished by the clockwise circulation of the burden. Coal
was apparently fed into and on top of the burden which was
fluidized by steam. The coal was distilled with little tar
or methane formation and coal and char water gas reactions
proceeded. Char was withdrawn fom the base of the water
gas generator at a temperature somewhat lower than at the
inlet and the excess removed. The remainder was then re
heated by partial combustion of carbon in the burden in the
combustion chamber and recycled.
A high combustion chamber temperature was desirable for high
gasification rates, but 1880F was the practical limit.
At higher temperatures sintering impeded the fluidization.
A 35F temperature difference was maintained between the
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27. HELLER PILOT-SCALE SYNTHESIS GAS PROCESS
In the late 1920's a pilot-scale indirectly heated pulverized coal steam
water gas generator was built and tested in Germany. Data are presented on its
operation with a medium volatile coal.
Process Characteristics
Scale of Operation: Pilot










ASTM Rank: Medium Volatile Bituminous
Size: Pulverized, 85 Percent Passing 170 Mesh,
80 Percent Minus 200 Mesh
Description
The unit consisted of a series of annular reaction chambers
surrounded by annular flues. Producer gas was burned in
the flues to provide the necessary heat for the endothermic
reaction of the pulverized coal suspended in superheated
steam.
Literature References
1. Thau, A., "The continuous production of water gas from
pulverized
fuels,"
J. Inst. Fuel 5, 1-20 (1931).
Performance Data
Gasification Cpacity: MM Btu/day 60,000
MM scfd 0.16
Material Balance lb/M scf lb/MM Btu
Gasifier Coal 23.6 80.1
Steam 21.0 71.0





Coal for Indirect Heat (75 Percent
Efficiency)
Total Heat Input
Heat Content, Water Gas









Total Heat Output 33,240
Thermal Efficiency, Percent
Btu Cold Gas/Total Heat Input 39.2
Steam Utilization, Percent Not Available





























28. RUMMEL DOUBLE-SHAFT PILOT-SCALE SYNTHESIS GAS PROCESS
A Rummel double-shaft pilot-scale gasifier was tested at the London (Eng
land) Research Station of The Gas Council. This unit is a pulverized coal,
atmospheric pressure water gas generator where the heat for the gasification
reactions is supplied by hot slag from a pulverized coal combustion chamber
circulating through the gasification chamber. Technical difficulties with the
initial design, slag problems such as iron separation and an economic deterior
ation of British coal as a gasification feed, compelled the abandonment of the
project.
Process Characteristics
Scale of Operation: Pilot





Product Gas: Synthesis Gas, 250-270 Btu/scf




ASTM Rank: High Volatile B Bituminous
Size: Pulverized
Description
The slag bath is an annular water-cooled chamber, 7 feet
6 inches at the wall and 2 feet 4 inches at the center, with
water-cooled, slag-sealed dividers separating the 100 seg
ment of the reduction zone from the slag heating zone. A
steam and pulverized coal tuyere in the reduction zone and
air and pulverized coal, tuyeres in the combustion zone are
aimed so as to circulate the molten slag through the reduc
tion zone. Excess slag is continuously tapped from an over
flow weir in the center of the annulus. Pulverized coal,
recycled fly ash, and a limestone addition were to be used
in the combustion zone with highly preheated air. However,
oxygen enrichment was reportedly used when the desired slag
temperatures could not be maintained. The combustion products
are vented through the combustion shaft which would, in a
commercial installation, consist of conventional boiler sur
face. The reduction products are vented through the gasi
fication shaft.
In the gas plant a large slag bath and heat input was necessary
to experiment effectively with molten slag in a water cooled
container but no attempt was made to build a complete commercial
scale plant. Pulverized coal is stored in a bunker and fed
out by means of metering screws and coal pumps to the combustion
or gasification tuyeres. The combustion air is heated in
an oil fired tubuler heater.
The combustion products are cooled by a water spray and are
then passed, as required, through the steam superheater.
The products are then cooled and cleaned in a scrubber.
The gas is then passed through a disintegrator and a demister.
389
Literature References
1. Maccormac, M. and Wrobel, J., "The gasification of coal
in an experimental Rummel double-shaft slag-bath
gasifier,"
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29. USBM ANNULAR RETORT PILOT-SCALE SYNTHESIS GAS PROCESS
For several years the U.S. Bureau of Mines has operated a pilot-scale
lignite steam gasification unit. The lignite is fed downward through a narrow
annulus which is gas heated on the outside.
Process Characteristics






Product Gas: Synthesis Gas, 250 Btu/scf
Heat Recovery: Integral Steam Heater
Fuel
Location: North Dakota
Designation: Dakota Star Lignite
ASTM Rank: Lignite
Size: 1-1/2 x 1/2 inch
Description
The reactor is a tall 21-foot cylinder, 4 foot ID, with a
3 foot 6 inch OD inner liner. The outer cylinder is heated
by combustion of gas with preheated air. Lignite is fed
by a rotary feeder and drops around the conical entrance to
the annulus where it mixes with steam. As the steam and
lignite descend, coal and water gas are generated due to
the external heating of the retort. The gas outlet around
the tubular steam superheater. This superheated steam is
fed into the bottom of the annulus to complete the gasifica
tion with countercurrent steam flow. The ash and unreacted
carbon are collected in a sealed char receiver at the base
of the reactor. The interior of the gas generator also acts
as a dust collector. Concentric annular flues surround the
retort. Gas and preheated air burn in the inner flue and
the gases travel upward as they heat the retort. The exit
stack gases then pass through a recuperative air heater and
a steam heater. The combustion air is preheated first in
the recuperative air heater and then by downward flow in
the outer flue.
Literature References
1. Burr, A. C. Holtz, J. C, Koth, A. W., and Opplet, W. H.,
"Gasification of lignite in a commercial-scale pilot plant.
Progress report for
1947-48,"
U.S. Bur. Mines, Rept. Invest.
4940 (1953).
2. Burr, A. C, Ellman, R. C, Hoeffer, J. J. Heltz, J. C,
Kamps, T. W. Kube, W. R., Ongstad, 0. C, and Oppelt, W. H.,
"Gasification of lignite in a commercial-scale pilot plant:
Progress report January 1, 1949, to June 30, 1950, "U.S.
Bur. Mines, Rept. Invest. 4997 (1953).
3. Oppelt, W. H., Kube, W. R., Chetrick, M. H., Kamps, T. W.
and Golob, E. F., "Gasification of lignite in a commercial-
scale pilot plant: Progress report from July 1, 1950, to
December 31, 1951, and summary of work previous to July 1,
1950,"
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30. USBM ELECTRICALLY HEATED PILOT-SCALE SYNTHESIS GAS PROCESS
The U.S. Bureau of Mines built an interesting laboratory-scale pilot
gasifier at their Grand Forks, North Dakota station, in which the operation of
an externally heated retort for gasifying lignite with steam was simulated in
an electically heated retort. An air blast was later added to increase the
gasification rate and to provide a crude gas for ammonia synthesis.
Process Characteristics
Scale of Operation: Laboratory Pilot Scale
Heat Supply: External Electric Heating; later, partly Autothermic
Flow: Concurrent
Gasifying Media: Steam, Air
Pressure: Atmospheric
Product Gas: Synthesis Gas, 300 Btu/scf with Steam Blast;






Size: 1-1/2 x 1/2 inch
Description
The generator consists of concentric 10 and 4 inch tubes,
7 feet long, with a 3 inch annular gap for the reactor.
Lignite, steam, and in later tests, air, were fed downward
with the fuel. The gas outlet was up the middle and the
ash and unreacted char were removed from the base of the
unit by an auger that also controlled the fuel rate. The
outer tube of the retort was wrapped with resistance heating
elements and fitted with a refractory shell.
The product gases were scrubbed in a packed tower, dewatered,
sampled as necessary, and burned. Air, nitrogen, or product
gas were used as feed hopper gas.
Literature References
1. Oppelt, W. H., Kamps, T. W., Gronhovd, C. H., Kube, W. R.,
and McMurtrie, R., "Production of crude ammonia-synthesis
gas from North Dakota lignite in an annular-retort
gasifier,"
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31. POWER-GAS MECHANICAL COMMERCIAL FUEL GAS PROCESS
Performance details of 9 and 10-1/2 foot ID commercial producers are given
in the literature. The data from a 10-1/2 foot unit in South Staffordshire and
a 9-foot unit in Oldbury were selected for this sunmary.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Countercurrent
Gasifying Medium: 140F Saturated Air
Ash Removal: Continuous
Pressure: Atmospheric

































Size: 1-1/2 x 1/2 inich
Bituminous
1-1/2 x 3/4 inch
Description
The Power -Gas producer is an intermittently top fed cylindrical
unit with continuous ash discharge. The producer is water
cooled and provides its own steam to saturate the air blast.
In a typical installation producing clean gas the hot raw
gas travels countercurrent through a dust washing tower where
the gas is cooled and the solids and some 25 percent of the
tar is removed. The gas are next processed in a tar washing
booster cleaner where, by the use of tar injection and centri
fugal action some 60 to 70 percent of the tar is removed.
The gas is then passed through a second tower for final cool
ing and additional tar removal. The final cleaning consists
































Total Heat Input 12,080
Heat Content, Gas
Sensible Heat, Exit Gas




















Btu Cold Gas/Btu Coal























32. WELLMAN-GALUSHA COMMERCIAL FUEL GAS PROCESS
A wide variety of Wellman-Galusha equipment is available but only two
units have been operated commercially in the United States on bituminous coal.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Countercurrent
Gasifying Medium: Saturated Air
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Fuel Power Gas, 160 Btu/scf










Designation: Logan County, Cedar Grove Seam
ASTM Rank: High Volatile A Bituminous
Size: 2 x 1/4 inch
Weiqht Percent
Proximate Analysis As Charged Dry
Moisture 3.7
Ash 3.5 3.6
Volatile Matter 36.3 37.7
Fixed Carbon 56.5 58.7
Total 100.0 100.0
Description
The Wellman-Galusha agitator type producer is a fixed bed,
downflow non-slagging producer. Coal is fed by gravity from
a lock hopper at the top of the unit via the characteristic
tubular drop pipes. A water cooled rotating device located
near the top of the fuel bed gives more uniform fuel distri
bution and allows a high capacity especially with caking
coals that can only be burned with difficulty in the standard
Wellman-Galusha unit. The ash is removed by the rotating
action of the eccentric grate and discharged into a sealed
hopper. The unit has a steel jacket in which the steam for
blast saturation is generated. The air blast is fed through
















Heat in Unreacted Steam










*Assume 1260F gas outlet temperature
Thermal Efficiency, Percent
Btu Cold Gas/Coal Gasified
Btu Gas + Tar/Coal Gasified
Steam Utilization, Percent
Dimension: Cylindrical ID, ft






























33. IFE TWO-STAGE COMMERCIAL FUEL GAS PROCESS
The IFE two-stage producer has a similar reactor to a Gas Integrale cyclic
producer modified for continuous air blasting. Most of the gas generated in
the lower portion of the producer is diverted to the flues and is collected as a
tar-fuel lean gas. The gas, taken off at the top, consists of a cooler gas with
a high content of good grade tar. Detailed operating data, coal and gas
analyses, etc., are not available for this unit.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Countercurrent
Gasifying Medium: Saturated Air
Pressure: Atmospheric




ASTM Rank: Not Indicated
Size: Coarse Sized -1x2 inch, 2x3 inch,
1-1/2 x 3/4 inch
Description
The reactor is a tall narrow unitwith hollow tile at the
top and a water jacket at the base. Coal is fed in at the
top through rotary lock valves and ash is removed at the
bottom by a rotating grate. The coal is progressively gasi
fied as it travels downward through an indirectly heated
distillation zone, a gasification zone, and a combustion
zone. The unit is continuously blasted with a steam, air
mixture through tuyeres in the grate. The blast gases burn
the residual char in the combustion zone, and are reduced
by the distillation zone residue in the gasification zone.
The gases are then diverted to the flues, through radial
connections between the central annular flues, where they
heat and distill the incoming coal. Dust laden but tar free
gas is collected at the lower gas outlet and tar laden but
relatively dust free distillation gas is at the upper out
let. The gas plant can be a hot, raw gas plant, a hot, de-
tarred gas plant, or a cold, clean gas plant such as described
below. The gas from the lower outlet is wet scrubbed in a
wash column and is then mixed with the upper outlet gas in the
indirect gas cooler. The upper outlet gas is passed through a
water seal and air electrostatic tar separator and is then
fed to the gas cooler. The cooled and blended gas is then put
through an electrostatic oil separator and then through a com
pressor.
Literature References
1. Annon., "Modern gas producer
plant,"
Brochure of The
International Furnace Equipment Co., Ltd.
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Coal Hopper
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34. BAMAG-WINKLER COMMERCIAL FUEL GAS PROCESS
The Bamag-Winkler fluidized-bed generator is principally a synthesis gas
unit, but it has also been used as an air blown fuel gas unit. Data are
presented for operation at Leuna with subbituminous coal.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Auothermic
Flow: Concurrent
Gasifying Medium: Air (Not saturated)
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Fuel Gas, 105 Btu/scf











Designation: Dry Brown Coal
ASTM Rank: Subbituminous A
Size: 5/8 inch x 0
Description
The Bamag-Winkler unit has a tall narrow refractory lined
reactor. Fine coal is screw fed from a pressurized bunker
into the base of the reactor where it is fluidized with air
alone. The bed is apparently not fully expanded and there
is a considerable reactor volume above the bed to allow the
gas entrained fine particles time to react. Air is blasted
from the grate at the base but secondary air is added above
the bed for the gas entrained particles.
The larger ash particles settle to the bottom of the bed
where they are moved by a rotating scraper to an ash chute
and removed by a screw to a sealed ash hopper. However,
much of the ash and a significant amount of carbon is en
trained in the exit gases. The unit also has an auxiliary
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Performance Data
Heat Balance Btu/lb Fuel Gasified
Heat Content, Fuel 9,350
Total Heat Input 9,350
Heat Content, Gas 5,330
Sensible Heat, Gas 1,790
Heat Content, Carbon 210
in Refuse
Heat Content, Carbon 880
in Fly Ash
Unaccounted for Losses 1,140
Total Heat Output 9,350
Thermal Efficiency, Percent
Btu Cold Gas/Total Heat Input 57.0
Dimension: Cylindr ical ID, ft 18
Fuel Bed: Area, sq ft 260
Gasification Capaci ty: MM Btu/day 4,700
MM scfd 45
Gasification Rate: Coal, lb/(sq ft)(hr) 100
Gas, M scf/(sq ft)(hr) 7.2
Material Balance lb/M scf lb/MM Btu




35. RUHRGAS VORTEX COMMERCIAL FUEL GAS PROCESS
The Ruhrgas Vortex unit is an air blown, atmospheric pressure, pulverized
coal, slagging gas producer developed initially to replace coke as a gas
producer fuel with low cost slack coal. This unit produces a low calorific
value gas and significant amounts of steam.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Concurrent
Gasifying Media: Steam, Oxygen
Ash Removal: Continuous Slag Tap
Pressure: Atmospheric
Product Gas: Fuel Gas, 100 Btu/scf











ASTM Rank: High Volatile A Bituminous
Size: Pulverized, 62 Percent Minus 30 Mesh
Description
The Ruhrgas Vortex unit has a tall, narrow, refractory lined
reactor with a bottom slagging section 6 feet 6 inches high
which expands into a 9 foot 6 inch ID, 75 foot high chamber.
Coal and recycled fly ash are injected at the base through
tangential nozzle with high temperature (1300F) preheated
air. The slag is tapped through an off-center 1 foot hole,
kept open by a small gas bleed, and is granulated by water
quenching. Most fuels except anthracite, low volatile char
and coke are acceptable, but lignitic and low rank bituminous
coals are considered best suited. When burning 100 tons
per day of 27 percent ash coal, some 30 tons of 30 percent
ash fly ash is recirculated. In addition, 4 tons per day
of wet fly ash with 50 percent ash content are available
for recycle; but this material is generally discarded.
Performance Data
Dimension: Cylindrical ID, ft 6.5 Bottom, 9.5 Top
Gasification Capacity: MM Btu/day 1,420
MM scfd 14.2
Material Balance lb/M scf Ib/MM Btu
Gasifier Coal 12.4 117
Steam Nil Nil
Steam for Credit 12.3 116
403
Gas to Waste Heat









- Pulverized Coal and
Recycled Fly Ash
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36. LR COMMERCIAL FUEL GAS PROCESS
The LR process is a fluid-bed low pressure coal gas making unit in which
the coal volatiles are driven off by the heat in recycled hot char. The excess
char produced is burned for steam raising.
Process Characteristics






Product Gas: Fuel gas, 520 Btu/scf











ASTM Rank: Not Available
Size: 4 Mesh x 0
Description
The LR reactor is designed for the recirculation of hot char
at approximately a 300 tons per hour rate for the devolatili
zation of 10 tons per hour of coal. The char circulates
with a clockwise rotation traveling countercurrent to the
fluidization air, upwards through the lift line, and down
wards from the coal feeder back to the reactor. The char
is cooled from approximately 1800F to 1700F by the coal
devolatilization and is reheated to 1800F by partial com
bustion with the air. The burden is maintained by balancing
the char remaining from the coal feed with combustion products
in the lift gas, the fines removed with the lift gas, and
the nonrecirculated fines removed with the product gas.
This lost material is burned in steam boilers. The gas pro
duced is low in nitrogen and has a high methane content.
405
V Fresh Dry Coal Feed Line
2. Lift and Combustion Air
3. Coal Feeder
4. Blower for Dust Feeder
5. Cooling Water Inlet




10. Coaling Water Outlet
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In the gas plant coarse coal is withdrawn from the bunker,
crushed, classified, and elevated to the dryer and feeder
system by a vacuum conveyor using flue gas for transport.
The coal is gravity fed to the top of the reactor fuel bed
and is circulated until the particles become small enough
to be rejected. The product gas is dedusted in a hot cyclone
and then with water injection in a scrubbing cyclone. Final
dust removal is in an electrostatic precipitator which appar
ently collects a mixture of dust and tar. The sludge from
the wet cyclone is either discarded or dried and fed with
the hot cyclone dust to the boiler. The handling of the
precipitator product is not completely explained. It is
possible that an aqueous tar separation is made in tar storage
and that a dust laden 1.0 sp gr sink product is discarded
or reycled to the base of the lift line while the float tar
is recovered as a by-product.
406
37. LURGI DRY-ASH COMMERCIAL FUEL GAS PROCESS
As far as is known, no commercial Lurgi installations have been made for
normal air blown operation. Oxygen blown generators are, however, occasionally
air blown for start-up, testing, training, etc. Data on the avr. blown
operation of a South African Lurgi generator at SASOL are presented.
Process Characteristics
Scale of Operation: Commercial
Heat Supply: Autothermic
Flow: Countercurrent
Gasifying Media: Steam, Air
Ash Removal: Continuous
Pressure: 10 - 20 atmospheres


























Size: 2 x 1/2 inch



























The reactor is the same as described for the pressurized
gasifier in Process II. The unit is top fed from a lock
hopper into a cylindrical downflow reactor. The unit has
a rotating water cooled coal
distributor and a stirrer is
available for weakly caking coals. Ash is removed from the
bottom by a rotating steam cooled grate and discharged into
a lock hopper. Gas is generated by a steam air blast admitted
from the base of the unit.
Performance Data
Dimension: Cylindrical ID, ft
Fuel Bed: Area, sq ft
Gasification Capacity: MM Btu/day
MM/scfd
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38. BCR-KAISER PILOT-SCALE FUEL GAS PROCESS
The BCR-Kaiser unit had a stoker type grate at the coal inlet to form a
non-caking char to enable caking coals to be gasified in a simple gas producer.
Some downflow gas feed was also provided to prevent tar formation.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Coking SectionCrossfeed, Top of ReactorConcurrent,
Base of ReactorCountercurrent
Gasifying Media: Air, steam
Ash Removal: Intermittent
Pressure: Atmospheric
Product Gas: Fuel gas, 100-140 Btu/scf
Heat Recovery: Assumed Sidewall
Description
Green coal was fed onto a stepped grate which discharges
into a conventional gas producer with a slightly reduced
cross-section at the top. Air is blasted under the stepped
grate and air and steam are blasted through tuyeres in the
ash removal grate at the base of the unit. The gas products
from the grate section pass downward through the top of the
bed to a gas outlet near the center of the reactor. The
char in the lower portion of the reactor is gasified in a
conventional manner.
Small parti Ices, suspended
from the coking section with
out being adequately decaked,
tended to clog the upper













3- - Updraft Air
and Steam
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39. BASF-FLESCH-DEMAG PILOT-SCALE FUEL GAS PROCESS
The pilot-scale BASF-Flesch-Demag process employs Flesch-Winkler type
units coupled in pairs to benefit from the advantages of fluidized bed gasi
fication, which allow the use of a wide range of fine coals, while minizing the
disadvantages of low calorific value gas and of high ash and carbon carryover.
This objective is obtained by periodically fluidizing one unit while using the
other unit to trap the fines and to complete the reaction of the fluidizing
blast gases. Data are presented for operation with brown coal and coke breeze.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Autothermic
Flow: Down blast concurrent, up blast countercurrent
Gasifying Media: Air, steam
Ash Removal: Intermittent
Pressure: Atmospheric
Product Gas: Fuel gas, 125 Btu/scf with coke;








Carbon Monox ide 29.4 26.7
Carbon Dioxi de 3.6 7.0
Methane 0.4 1.4




Designation: Coke Brown Coal
ASTM Rank: -- Subbituminous
Size: Fines 3/8 inch x 0
Description
The reactors are coupled as shown schematically in Figures A
and B. The units are intermittently top fed during fluidiza
tion; most of the time they are connected in parallel and
operated as fixed-bed units with a concurrent moist air down
blast as shown in Figure B.






Gasifier Fuel 13.6 23.7 110..5 147
Steam 12.4 10.1 101 62.5
Steam for Credit 11.8 5.9 96 36.6
Heat Balance Btu/lb Coal1 Gasifier
(A) (B)
Heat Content, Fuel 11,340 8,640
Total Heat Input 11,340 8,640
Heat Content, Gas 9,040 6,800
Unaccounted for Losses 2,300 1,840
Total Heat Output 11,340 8,640
410
A. DOWN-BIOW GENERATORS I AND 11
B. FLUIDIZED UPRUN, GENERATOR I
Bituminous Coal Research, Inc. SOO6G107
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40. CEGB MARCHW00D PILOT-SCALE FUEL GAS PROCESS
The CEGB Marchwood carbonizer is a small pilot-scale unit built to
investigate the problems of in-plant partial coal gasification. Such a system
has the potential of improving cycle efficiency by the use of a supplementary
gas turbine at essentially the same plant investment cost.
Process Characteristics
Scale of Operation: Pilot
Heat Supply: Electric Heating, Propane Gas
Flow: Concurrent





The carbonizer is a tall narrow cylinder into the base of
which preheated coal and preheated fluidizing air are fed.
The fluidized bed moves upward as the particles are progres
sively devolatilized; the char is entrained in the product
gas. Oversize particles that settle past the coal inlet






























41. GREAT NORTHERN RAILWAY PILOT-SCALE FUEL GAS PROCESS
The Great Northern Railway gas producer is a pilot-scale atmospheric
pressure pulverized lignite non-slagging unit which was developed for the
reduction roasting of iron ore.
Process Characteristics




Ash Removal : None
Pressure: Atmospheric







The gas producer is a top fed vertical unit with a slight
taper towards the outlet. A single air supply is split to
provide air for gasification and for pulverized lignite trans
port and the gasification air is divided between two concentric
injectors. The fuel and air injector located in the top
of the unit consists of three concentric tubes designed to
induce turbulent mixing inside the reactor. Air fed to the
inner and outer tubes produces a swirl in one direction and
the air entrained lignite produces a swirl in the opposite
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42. PANINDCO PILOT-SCALE FUEL GAS PROCESS
The pilot-scale air-blown Panindco gas producer is of interest princi
pally because it is a non-slagging and operates on pulverized coal.
t Process Characteristics
Scale of Operation: Small Scale Commercial
Heat Supply: Separately Fired Boiler and Gas Fired
Regenerative Heater
Flow: Concurrent
Gasifying Media: Air, Steam
Ash Removal: Continuous
Pressure: Atmospheric
Product Gas: Fuel Gas, 125 Btu/scf








The producer is a steel, refractory lined cylinder with a
dome shaped top. Pneumatically conveyed pulverized coal
(80 percent minus 200 mesh) and preheated air are admitted
at the top of the producer. Low temperature steam is ad
mitted at several points. The steam is used as a gasifying
medium and to moderate the reaction temperatures so as to
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43. B & W CYCLONE PILOT-SCALE FUEL GAS PROCESS
It is understood that the Babcock and Wilcox Company operated a pilot-
scale gasifier that would allow supplementary gas turbines to be used for power
generation. No data are available.
415
44. FRS CYCLONE PILOT-SCALE FUEL GAS PROCESS
The FRS Cyclone gas producer is of interest because it is a slagging
pulverized coal air-blown unit in which the larger particles are deliberately
imbedded in retained slag as opposed to a vortex unit where all the
particles
supposedly remain entrained. The results obtained with a small 2 foot pilot
plant were, however, disappointing due to poor gas quality and a high degree of
carried-over fly ash but useful information on slag tapping and slag resisting
materials was obtained.
Process Characteristics




Ash Removal: Assumed Continuous
Pressure: Atmospheric
Product Gas: Fuel Gas, 70 Btu/scf
Heat Recovery: Air Preheater
Fuel
Location: England
Designation: Cronton Coal (Type 802)
Size: 30 Mesh x 0
Description
The producer is 2 feet ID, 2 feet deep, with a conical bottom
for tapping the slag. Coal and preheated air are tangentially
admitted near the top to give a high turbulence. Slag forms,
runs down the sides, and retains the larger particles. Hot
gas with a high dust loading is emitted through the top.
416
45. BECHTEL CARBONIZER CONCEPTUAL FUEL GAS PROCESS
The Bechtel Corporation has advocated a variety of cycles to enable steam
turbine generation from coal -fired boilers to be augmented with direct power
generation from gas turbines. One cycle uses two-stage fluidized-bed carboni
zation to produce a gas for turbine firing and a char for boiler firing. Coal
is thermally
"decaked"
in the first stage and carbonized in the second. The
resultant gases are dedusted and fed to a gas turbine while the char is fed to a
boiler, together with the turbine exhaust as secondary air.
Description
Air from the gas turbine compressor is boosted to 90-180
psi and fed to two similar reactors that are fluidized and
vented in parallel. Coal is fed to the preheater reactor
which feeds into the carbonizer reactor which in turn dis
charges into the boiler fuel feed line. The fuel is fed
to the top of the beds which are fluidized through porous
plants in the base. The fuel travels downward and is dis
charged from the bottom of the bed while dust laden gas is
vented from the top. Start-up heaters are installed in the
reactor plenums; after start-up, the reactions are autothermic
maintaining 700 to 800F in the preheater and 1100 to 1500F
in the carbonizer.
In the gas plant the coal is fed from a bin via a lock hopper
or rotary feeder into the preheater with fluidization air
used as lock gas. The gas streams from both reactors feed
into a dust collector which discharges with the carbonizer
char into the rotary feeder that seals the pressurized circuit
from the boiler feed line. The hot dedusted gas from the
dust collector is fed to the gas turbine combustor.
Coal
_i_









Hot Char to -
Fired Boiler
Bypass
Bituminous Coal Research, Inc. 8006G2D0
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46. TWO-STAGE FLUIDIZED SUPER-PRESSURE CONCEPTUAL FUEL GAS PROCESS
In any
"hydrogasification"
cycle the hydrogen producing facility is a
significant part of the overall gas plant. The Con-Gas cycle is of con
siderable interest since it advocates the steam-iron process to produce
hydrogen from high pressure producer gas. The problems of an air blown high
pressure gas producer have been analyzed and a two-stage cycle, suitable for
firing with spent char from the hydrogasifier, has been designed.
e Description
This conceptual gasifier has vortex and fluidized stages
for the gasification of spent char from a hydrogasifier.
Gasification is with air and steam at the 1500 psi pressure
desired for the steam-iron process. The first stage slag
ging vortex section is fed with fresh char and dust collector
fines. The hot (approximately 2700F) gases from the first
stage are used to fluidize the second stage, which in turn
is fed with fresh char. The dust laden reduction gas from
the second stage is exhausted through the dust collector
to the steam-iron unit and the high ash content dust is recycled
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47. C02
ACCEPTOR CONCEPTUAL SYNTHESIS GAS PROCESS
The C02 Acceptor process is a two-stage fluidized bed process for making
synthesis gas from lignite without using oxygen. Hot calcined dolomite is
mixed with the fuel to provide a heat source which is augmented by the reaction

















preheated fine lignite (approximately 550F) is
from a lock hopper to the devolatilizer where it
zed and partially gasified by heat from the gas
the hot (approximately 1900F) calcined dolomite.
ized lignite is withdrawn from the base of the gasi-
conveyed by steam to the base of the gasifier.
ned dolomite is added and the charge fluidized by
port steam. Gas is vented from the top of the gasi-
colomite, ash, and unreacted carbon are withdrawn
gasifier and conveyed by compressed air to the cal-
In the calcinator, the residual carbon is burned
transport air to heat and calcine the dolomite while
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48. STOOKEY CONCEPTUAL SYNTHESIS GAS PROCESS
The Stookey producer is a conceptual twin reactor carburetted water gas
unit in which the gas passes countercurrent in one reactor and concurrently
exiting through the incandescent bed of the other. The gas produced should be
rich in Ho and CO due to the cracking of the hydrocarbons as they pass through
the incandescent zone of the downflow reactor. It is indicated that the unit
can be adapted for steam and oxygen blasting or for alternate air and steam
blasting.
Description
Two fixed-bed units are interconnected at the top with an
open connection, and at the base with a blast inlet and gas
outlet that are dampered so that the gas travel is up one
reactor and down the other. There is a coal feed and a car-
buretting oil spray at the top of each reactor. For steam
and oxygen blasting, the units would be continuously blasted
with periodic reversal of the flow. For air blasting, one
generator at a time would be blasted and vented through the
purge stack. The reactor would then be blasted in series
with steam.
L.H. Generator R.H. Generator
Oxygen
Bituminous Coal Research, ln<
420
49. CHEMCOKE CONCEPTUAL SYNTHESIS GAS PROCESS
n**+Jl
th6 e*istin9 Chemcoke process, coal is partially burned on a traveling
K ? uce a steam and a chemical coke which is upgraded by a final
soaking process. A conceptual adaptation of this process involves preheating
ho , n /Uc\carbonizin9 with a minimum of air so as to produce a gas that canDe upgraded to pipeline gas without nitrogen removal. By-product liquids and
producedI
har r chemical or metallurgical coke would also be
Description
The coal is fed from a bin into a preheater and the preheated
coal is fed into the traveling grate carbonizer. The gas
from the carbonizer is separated into a low nitrogen content
synthesis gas and liquid hydrocarbons. The residue discharged
from the grate can be a process coke or a boiler char. Hot
char can be fed directly to a boiler or the product can be
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50. NICHOLS-HERRESHOFF CONCEPTUAL SYNTHESIS GAS PROCESS
The Nichols-Herreshoff furnace is a roasting oven
developed for a variety
of applications. A conceptual application of such a furnace is
the 9as1fi-
cation or partial gasification of coal, but studies
indicate that the feed rate
would be low compared with units designed for coal gasification
and it would
probably only be economical for partial
gasification where a high value char
would also be produced.
Description
The reactor consists of a series of circular hearths
placed
one above the other and enclosed in a
refractory- lined steel
shell. A vertical rotating shaft through
the center of the
furnace carries arms with rabble blades which stir the
charge
and move it in a spiral path across the hearth. Coal
would
be fed into the top hearth and rabbled across it
to pass
through drop holes to the hearth below. The coal
would in
this way be progressively gasified as it
moves from top to
bottom with a countercurrent blast of air, or steam and air,
or steam and oxygen. Ash or char would be withdrawn from
the base of the unit.
Bituminous Coal Research, Inc. 8006G213
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51. CAMERON ENGINEERS CONCEPTUAL VERTICAL KILN COAL/COKE GASIFICATION PROCESS
For carbonizing minus-3-inch coal or for gasifying minus-3-inch coke in
non-slagging processes which
utilize a moving bed of solids, Cameron Engineers
developed a modernized vertical retort design. A novel solids feeder prevents
particle size segregation in feed solids as they are placed in the retort. A
novel grate discharge mechanism regulates the downward flow of solids over the
range 0 to 1000 lbs solids/sq. ft. retort cross section/hour. Solids dis
charger over the entire cross sectional area of the retort rather than at a
central point. Preheating and cooling bed depths provide superior heat
recuperation. Gases flow countercurrent to solids.
a Process Characteristics
Largest scale of operation: Semi -commercial , 18 foot I.D.
retort in operation on oil shale in Brazil.
Heat supply: Externally-heated recycle gas.
Flow: Solids countercurrent to gases.
Gasifying media: Thermal pyrolysis caused by contact with
hot recycle gas.
Ash removal: As discreet solids, through grate, after cooling
for heat recuperation.
Pressure: Slightly above atmospheric.
Product gas: Fuel gas (after H S removal).
Heat recovery: Autogenous within solids preheating and cooling
zones.
a Description
3-foot I.D. kiln has operated successfully in these appli
cations:
Limestone calcining
Organic phosphate rock calcining
















52. STANDARD OIL FLUIDIZED-BED CONCEPTUAL SYNTHESIS GAS PROCESS
The Standard Oil unit uses fludization of fine coal or coke to move a
burden successively through fluidized combustion, settling and fluidized gasi
fication in a segmented gasification shaft. The invention allows the burden to





The generator is a tall cylindrical shaft divided radially
into eight segments which are alternately fluidized lifting
and non-fluidized settling chambers. The settling chambers
are connected with one adjoining fluidized segments are al
ternatively air or steam fed. The fluidizing air heats the
burden in the segment, vents combustion products to the stack
and spills the heated burden into the adjoining settling
segment. The heated burden is picked up by the fluidizing
steam, forms water gas which is vented through the gas outlet
and spills cooled burden into the adjoining settling chamber
from which it is subsequently fluidized with air and heated.
The fuel is fed in at a point near the base and the amount
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53. MAYLAND PEBBLE-BED AIR BLOWN CONCEPTUAL SYNTHESIS GAS PROCESS
This conceptual gasifier uses the caking of pulverized coal on the
surface
of hot pebbles to obtain trouble-free operation with caking coals and coals
with low ash fusion temperatures in a coal-water gas generator. The product
gas is also passed through the hot incoming pebbles so as to minimize the
formation of organic sulfur.
a Description
The generator consists of a pebble heating chamber placed
above a hot pebble reactor. An elevator is used to recycle
the pebbles which are heated in the top chamber with hot
gas or by the internal combustion of liquid or gaseous fuels.
The pebble flow in the lower reactor is directed by an in
ternal conical restriction near the center. Pulverized coal
is injected with transport gas, such as steam, into the space
below the restriction; here the coal quickly devolatilizes
and is coked forming a layer on the hot pebbles. Steam is
blasted into the base of the lower reactor and water gas
is formed by reaction with the coke films on the hot pebbles.
The water gas and the coal gas formed in the initial devola
tilization are passed into the space above the restriction
where the hydrocarbons are thermally cracked and the organic
sulfur is converted to H2S. A screen in the pebble return
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54. JENSEN ELECTRIC CONCEPTUAL SYNTHESIS GAS PROCESS
Investigation of a process for the carbonization of Norwegian Spitsbergen
coal led to the development of a pilot-scale electrically heated retort. If
such a system for carbonization had been widely accepted for Norwegian indus
try, there would have been no market for the gas produced. A modified electric
carbonization process was therefore conceived to produce simultaneously coke
and gas for liquid fuel synthesis.
a Description
The coal is crushed and briquetted. The briquets are fed
into a preheating chamber heated by gas circulated through
a heat exchanger in the synthesis gas line. The warm bri
quets are fed into a refractory lined tapering shaft and
progressively carbonized at atmospheric pressure as they
descend. The coal gas produced in the upper portion of the
shaft is removed from the top, detarred, mixed with steam
and fed into the base of the retort. The char entering the
lower retort section of the shaft is suitably conductive
to allow resistance heating from electrodes place at the
wall of the retort. The heat generated completes the carboni
zation, produces synthesis gas from the steam and recycled
coal gas and chars the incoming charge. The coke product
is discharged at the base and the synthesis gas is collected
from an annular flue above the retort.
1. Briquette bin with gas-tight feeder for charging. 2. Preheater for coal briquettes.
3. Circulator for preheating gas. 4. Heat exchanger for heating the preheating gas
by means of produced warm gas. 5. Coking shaft. 6. Electric furnace for heating
the coke briquettes. 7. Apparatus for cooling coke briquettes by means of cold
circulating gas. 6. Speed regulator for downward
travel of briquettes, and gas-
tight discharger. 9. Cottrell unit for tar separation. 10. Gas cooler and steam-in
jection unit. 11. Gas circulator. 12. Annular flue for discharge of hot gas. 13 and
14. Three-phase electrodes.
Bituminous Coal Research, Inc. 8O06G87
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55. MULTISTAGE CONVEYOR CONCEPTUAL SYNTHESIS GAS PROCESS
The multistage conveyor is a three-stage coarse coal, steam, and oxygen
synthesis gas process. It is designed to overcome the caking and tar problems
of conventional fixed-bed gasifiers by providing more control over the coal
movement and by passing tar-laden gases through a coke bed.
a Description
The coat is devolatilized in the first conveyor by the
counter-
current flow of hot synthesis gas. The hot char is then
fed to the second conveyor and the gas from the first conveyor
is fed concurrently through it to produce a tar-free gas
which is vented from this conveyor. The char is then fed
to the third conveyor where synthesis gas is produced by
the countercurrent flow of steam and oxygen. A high ash
residue is removed from this conveyor and the hot synthesis
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56. FIXED-BED SUPER-PRESSURE CONCEPTUAL SYNTHESIS GAS PROCESS
Gasification at pressures exceeding the 1000 psi required for pipeline
operation has several potential advantages: higher methane content of the raw
gas, smaller oxygen requirements per Mscf of pipeline gas, and higher through
put rates in equipment that is essentially the same as for 400 psi operation.
In this process the Lurgi Dry-ash Gasifier has been adapted for operation at
1050 psi.
a Description
The reactor is essentially a Lurgi Dry-ash Gasifier, Process
No. 11.
429
57. FLUIDIZED-BED SUPER-PRESSURE CONCEPTUAL SYNTHESIS GAS PROCESS
Gasification at pressures exceeding the 1000 psi
required for pipeline
operation has several potential advantages: higher methane content of the raw
gas, smaller oxygen requirement per Mscf of pipeline gas and
higher throughput
rates in equipment that is essentially the same as for
400 psi operation. In








58. TWO-STAGE SUPER-PRESSURE ENTRAINED CONCEPTUAL SYNTHESIS GAS PROCESS
Analysis of various methods of making pipeline gas indicated that there
were advantages to gasifying at pressures exceeding the 1000 psi pipeline
pressure and advantages to using fluidized or entrained particle systems. A
two-stage gasification cycle has been designed to enable trouble-free fine coal
gasification with high methane yields.
a Description
Fine coal and steam are injected
and partially gasified in a stre
zone I. The combined gas stream
in an integral waste heat boiler
The dedusted gas is then further
collector product is fed to a si
where synthesis gas is produced
The slag is quenched and dischar
gas goes to zone II for the part
coal and steam.
into zone II of the gasifier
am of hot synthesis gas from
is then partially cooled
and fed to a dust collector.
purified while the hot dust
agging gasification zone
by a steam and oxygen blast.
ged and the hot synthetic











59. MAYLAND PEBBLE-BED OXYGEN BLOWN CONCEPTUAL SYNTHESIS GAS PROCESS
In this process, pulverized coal is injected into a bed of hot pebbles
which devolatilize the coal and become coated with coke. These coke covered
pebbles are then transferred to a steam and oxygen gasification reactor
where the coke is made into synthesis gas. The pebbles are recycled and any
ash is removed as slag during the reheat cycle. This process was conceived
to overcome the problems of caking coals and low ash fusion in fixed-bed
gasifiers.
Description
The gasifier comprises essentially a pebble heating chamber,
a rotary coal and pebble mixer, a steam and oxygen synthesis
gas reactor and a hot pebble elevator. The pebble heating
chamber is heated by the internal combustion of gas or
oil fuel or by hot gases. The pebbles are supported on
a perforated plate that allows any slag that is formed
to drain off and be tapped. The hot pebbles and pulverized
coal are discharged into the rotary mixer where a coke
layer is formed on the pebble surfaces and coal gas is
generated. The gas is vented from the top of the mixture
and cooled to remove condensable liquids. The gas from
the synthesis gas generator is vented from the top of
the unit where it blends with the cooled gas from the
mixing chamber. Granular refuse is removed from the pebbles
by means of a screen in the line from the gasification
chamber to the elevator. The slag is removed during the
reheating of the pebbles.
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60. KOPPERS-TOTZEK PRESSURIZED CONCEPTUAL SYNTHESIS GAS PROCESS
Heinrich Koppers GmbH are developing a Koppers-Totzek gasifier for opera
tion at 30 atmospheres. By operating with pressurized oxygen, compression
costs are reduced and higher throughputs are possible. The operation of such
a unit may be predicted from information for atmospheric units.
a Description
The unit is essentially the same as the atmospheric pressure
reactor described in Process No. 8.
433
61. RUMMEL SINGLE-SHAFT PRESSURIZED CONCEPTUAL SYNTHESIS GAS PROCESS
The performance of the Rummel atmospheric pressure gasifier has been
extrapolated to 450 psi. By operating with pressurized oxygen, compression
costs are reduced, and higher throughputs are possible.
a Description
The reactor is essentially the same as the reactor described
for Process No. 10.
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62. RUMMEL MODIFIED SINGLE-SHAFT PRESSURIZED CONCEPTUAL SYNTHESIS GAS PROCESS
Modification of the Rummel Single-shaft Gasifier has been proposed by Dr.
C. Otto & Comp. Fresh coal is fed primarily in the upper section of the
gasifier. In the present process, this modified unit has been adapted for
operation at 450 psi.
a Description
The generator consists of a tall steam-cooled shaft with
a shorter and wider water-cooled reactor on top of it. The
heat is supplied by the gasification of recycled dust (supple
mented by fresh coal if necessary) with preheated oxygen
and steam in a Rummel type slag bath at the base of the unit.
Pulverized coal is injected with CO2 near the top of the
lower reactor into the hot synthesis gas which partially
gasifies the coal. Most of the entrained fine char dust
is removed in a dry form from the gas stream and is fed with
C02 to the slag bath section.
435
63. GAS COUNCIL FLUIDIZED-BED CONCEPTUAL SYNTHESIS GAS PROCESS
The Gas Council fluidized gasifier is a two zone coal, steam, and oxygen
gasification device. Inside a large steam fluidized char gasification reactor
is a smaller reactor for gasifying coal and recycled
char dust with fluidizing
oxygen.
a Description
The char is fluidized with steam in the
water gas which is mixed and vented with
from the internal reactor which is fluid
Dust is removed from the product gas and
gasifier with the coal feed using oxygen
fluidization. The fluidization in the 1
main reactor is such that the larger ash
so that the height of the burden can be
moving high ash particles from the base.
either recirculate until they escape the
agglomerate with other ash particles in
tion zone and settle.





















64. MACCORMAC-RUMMEL DOUBLE-SHAFT CONCEPTUAL SYNTHESIS GAS PROCESS
During the pilot-scale development of the Rummel double-shaft generator
at The Gas Council, London (England) Research Station, centrifugal slaq
movement was conceived as an improvement over blast induced slag rotation One
possible mode of application has been cold model tested.
a Description
The slag would be contained in a water-cooled steel cylinder
which would be rotated to minimize the heat lost by the slag
to the metal. The centrifugal forces would form a parabolic
slag layer in the vessel. Slag flow would be induced by
horizontal ploughs which would deflect the slag into the
combustion zone at the top. The hot slag would then be re
turned to the bottom of the centrifuge either directly or
after draining past the curtain plate in the lower gasifica
tion zone. Air and pulverized coal would be blasted into
the top zone and steam and pulverized coal would be blasted
down the center. The product gas would be vented through
the slag drain and a seal between zones would be maintained
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65. CATALYTIC STEAM METHANATION CONCEPTUAL SYNTHESIS GAS PROCESS
If a suitable catalyst can be found, the mildly endothermic reaction
2C + 2H20 = CH4
+ CO,
may proceed rapidly enough for the commercial scale direct conversion of coal
to a methane-rich gas. This reaction is the basis of a process in which coal
and a catalyst are fluidized with highly superheated steam at 450 psi.
Description
The reactor is supplied with coal, catalyst and approximately
1250F superheated steam. Fine char is removed from the
product gas and fed with oxygen to a slagging gasification
unit. The slag is tapped and granulated and the hot synthesis
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